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PREFACE 

Since the publication c£ the first edition, th 
subject of Catalysis has undergone most extensiv 
development. For this reason and because the firs 
edition went to press unrevised and incomplet 
owing to the author's absence on active servuje 
very considerable alterations have been necessar; 
for the second edition. In many places the subject 
matter has been entirely rewritten, whilst tw< 
further chapters have been added. A number o 
references ar# now included for the assistance o 
readers desirous of obtaining fuller details of th< 
various phases of the subject. 

The author Wishes to express his thanks to Mr. T 
E^acalf B A. (Cantab), both for his ass^anei i* 
g|jpn€fction with Chapter 8, and for the maEfr^tlu 
ftbfe suggestions which he has been kind enough t< 
ijtejfe in reading through the MS. 
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Catalysis and, its Industrial 
Applications. 


CHAPTER I. 

Introduction. 

i . It is a matter of common observation that many 
chemical reactions which normally proceed slowly, 
often so slowly as to be overlooked, can be accelerated 
to a greater or less degree by the introduction of some 
foreign materia. The importance of this pheno- 
menoiKtfefined as far back as 1835 by Berzelius 1 as 
^Catalytic — will at once be evident, for it affords^ tha 
technologist a powerful means by which to effect 
reactions which would otherwise be economically 
impossible. f 

Nearly twenty years ago, Ostwald a predicted 
that the great advances of chemical industry would 
be made by means of the more extensive employ- 
ment of catalytic agencies. It is left for the reader 
to judge wtether this prophecy has been fulfilled. 
Moreover, the attention which the subject is receiving 
nowadays at the hands of industrial chemists justifies 
the hope of still ipore valuable application in the 
future. 

C.A. 
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CA^AlfrSIS AND ITS APPLICATIONS. 


General Considerations. 


2. V^khavfe seen that catalysis is associated with 
an alteration in the speed of a chemical reaction 
But catalysis is not unique in this respect, for there 
art* other factors which exert a simito effect. \f 
the verity of a reaction be expressed in\he following 
terms 


reaction velocity = 


chemical force 
chemical resistance* 


then it follows that any alteration in either the chemi- 
cal force or the chemical resistance will correspond- 
ingly affect the reaction velocity. Thus, the addition 
of heat will at the same time increase the chemical 


force and decrease the chemical resistance, leading 
thereby to an appreciable increase in the reaction 
velocity. Increasing the viscosity, on the other 
hand, will lower the reaction velocity by increasing 
the ^hemical resistance. The effect of other con- 
straining factors might be determined in a similar 
manner. 


The influence of the factors j ust mentioned is small, 
however, in comparison with that of a good catalytic 
agent, for by the use of materials of^this nature the 
chejnical resistance may be reduced to sucnaTha rk^ 
degree that in many cases it becomes unnecessary 
to increase the chemical force by the expenditure 
o^ extraneous energy in order to accelerate an 
impracticably slow reaction to the point of commercial 
utility. 

3. So far we have been dealing with the simple 
question of a reaction which proceeds to completion. 
But catalysis is not concerned so much with these as 
with reactions which, like the saponification of fats, 
proceed in a leisurely manner ana never attaip com- 
pletion. Such reactions are reversible, for they come 
to a stop as the result of interaction between the 
final products. There are, therefore, two*reactioh 
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veloci^jLes to be considered, one for the direct *nd one 
for fife inverse*reaction. 

As we shall see later, a catalyst affects jfbth reac- 
tion velocities to the same extent, from which it 
follows that the final state of equilibrium in a 
!%rersibl^rejfction is unaltered by the presence of a 
catalyst. With the other factors of temperature, 
pressure, and concentration, this is not the case. Any 
change in these conditions alters to a different extent 
the yelocities of the direct and inverse reactions and 
thereby shifts the point of equilibrium. 

4. Whilst we are primarily concerned here with 
the bearing of catalysis upon industrial reactions, we 
cannot afford to overlook the influence of the factors 
just mentioned, for they figure very prominently in 
modern practice, particularly in connection with 
gaseous reactions. 

First, then, it will be advisable to consider the 
influence upon the final state of equilibrium of each 
of these factors in turn. 

Influence of the Concentration. 

5. The effect of varying the concentration of any 
one constituent of a reversible reaction can be deter- 
minedtjffthe appli cation of the law of Mass Action. 

recording to this well-known law, the amouift 0$ 
chemical change taking place in a reaction is depen- 
dent upon the molecular concentration of each 
constituent. 

One way, therefore, in which a reversible reactioh 
may be forced nearer completion in any one direction 
is by the use of an excess of one of the components 
contributing to the reaction in that direction. The 
effect is not \jery noticeable unless a very considerable 
excess is used, and even then it does not modify the 
reversfc jreaction in the slightest. A more effective 
method of furthering the forward reaction consists 
in remolding one of the products as soon as it is formed, 
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for no ^verseyeaction can then set in to diminish the 
yield. 

6. With regard to the factors of temperature and 
pressure, their influence can best be determined by the 
aid of Le Chatelier’s law, which express^ tjj.e genei^i 
principle of resistance to change. This law, which 
is a deduction from thermodynamical reasoning, 
states in effect that if a system which is in equilibrium 
be subject to some change (e.g., by altefing the 
temperature or the pressure) , the equilibrium will be 
displaced in that direction which tends to oppose the 
effect of the change. 

Many attempts have been made to work*out 
mathematically the relation between the reaction 
velocity and the temperature or pressure. For these 
quantitative relationships the reader is referred # to 
such books as : — 

“ Applications of Thermodynamics to Chemistry ” 
— N6mst (1907). 

“ Thermodynamics of Technical Gas Reactions ” 
— Haber (1908). 

“ A System of Physical Chemistry ” — Lewis 
(1918). 

But for the purpose of the present work, tfce^alita- 
jivefldeductions will be sufficient. 

Influence of the Temperature . 

* 7. By a restatement of the above-mentioned law 
< ft Le Chatelier in terms of temperature, we get that 
any change in the temperature of a system in a state 
of equilibrium is followed by a reverse chemical change 
within the system. This, however, is van't Hop s 
“ principle of mobile equilibrium/ 1 wjiich is thus 
seen to be but the restricted application of a wider 
law. 

Now there are two types of reactions to T>e con- 
sidered, viz., exothermic and endothermic reactions, 
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the farmer being accompanied by ail evolution of 
heaiTthe lattef by an absorption. Ojpviousfy, if the 
forward reaction is exothermic, then t.!» reverse 
faction nfhst be endothermic. 

Take exothermic reactions first. The addition of 
Jfeat in tfaeie cases will cause an increase in those 
products which are formed with absorption of heat ; 
m other words, it favoufs the reverse reaction, so 
that the rise in temperature will be detrimental to 
the # yield of the direct reaction. With endothermic 
reactions, the contrary is the case. Increasing the 
temperature now favours the formation of the 
products of the forward reaction. 

From this it will be seen that the direction of the 
shifting of the equilibrium in a reversible reaction 
caused by an alteration in the temperature can be 
predicted if the thermal value of the reaction is 
known. 

Influence of the Pressure. 

8. In the same way that van’t Hoff’s law has 
just been seen to be the temperature application of 
Le Chatelier’s law, so Robin’s law is the pressure 
application of the same principle. Robin’s law states 
that ijai»fr«g the pressure favours the system formed 
--With a decrease in volume, whilst diminishing* thf 
pressure favours the system which has the greater 
volume. 

Consider, for instance, the union of nitrogen aad 
hydrogen to form gaseous ammonil 

Ni (two vois.) + 3 Ht (six vol9.) ^ 2 NHa (tour vols.). 
From this equation it is apparent that, since eight 
volumes of nitrogen-hydrogen mixture form only 
four volume^ of ammonia, the reaction is accompanied 
by a diminution in volume. According to Robin's 
law, tnen, an increase of pressure should further the 
formation of ammonia, a prediction which is borne 
out by experiment. 
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Definition. 

9. dtihe many definitions of the term * ’ catalyst/ 1 
that of Oxwald, 3 by reason perhaps of its authorita- 
tiveness, has obtained general acceptance. This 
definition states that a catalytic agent nfhat materid 
which affects the velocity of a chemical re&tibn without 
appearing in the final products, 

10. From the definition just set forth, it is evident 
that the effect of a catalyst may be either positive 
or negative, i.e., the catalyst may either accelerate 
or retard the reaction. Practically all catalysts fall 
into the first or positive class, but there are a few 
which effect what is known as Negative Catalysis. 
The phenomenon is to be observed in the case of a 
substance which is added to another in order to 
preserve it, as when a little alcohol is added to 
chloroform to retard its decomposition under *the 
influence of air and light, When carefully differen- 
tiate!, however, from the paralysing effect which 
certain bodies exert upon positive catalysts (see 
section 15), the importance of negative catalysis 
dwindles into insignificance. 

We come now to a consideration the criteria of 
f'a+alytic processes. 

Characteristics of Catalysts. 

(1) Unchangeableness of the Catalyst . 

11. That the catalyst has the same chemical 

composition at the end as at the beginning of the 
reaction is undoubtedly the most essential charac- 
teristic of catalytic phenomena. Very often the 
catalyst is known to participate directly in ihe 
reaction, but in these cases, though thaequations of 
the intermediate stages involve the catalyst, the 
gross equation must not do so. % 

In a good many instances, tha^atalyst is found to 
emerge from the reaction in an altered physical state 
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• # 

— incidentally proving thereby that it has taken an 
active part in the reaction. For instance, the Crystal- 
line variety of manganese dioxide, used as ^catalyst 
ip the decgmposition of potassium chlorare, finishes 
as a fine powder ; and a curious alteration in the 
surface of the catalyst occurs in the case of the 
platinum* <Jf the ammonia-oxidation process, or of 
silver 5 when employed in the surface-combustion 

K icess. In these instances the catalyst has to mature 
ore attaining its maximum activity, this “ ageing/* 
as if is called, consisting most probably of a physical 
devolution into a fineness of division greater than 
can be obtained by mechanical means. It should be 
observed, nevertheless, that the variation of energy 
produced by the change can hardly modify the reac- 
tion to any appreciable extent. 

• (2) Amount of Catalyst Necessary. 

12. The Amount is Small . — Reasoning from the 
statement in Ostwald’s definition that the catalyst 
is not found in the final products of a reaction, it 
follows that the catalyst ought to be able to function 
repeatedly and indefinitely, and consequently a 
minimum quantity should suffice. And in practice 
it is th^wse that only a trace of the foreign material, 
-often m fact but an infinitesimal amount, is sufficient 
to effect the transformation of indefinitely largr 
quantities of the reacting substances. For example, 
one milligram of colloidal platinum will bring abqpt 
the combination of many litres t)f hydrogen aad 
oxygen without the activity of the catalyst becoming 
impaired. 

the necessity for a mere trace of the added 
nfaterial ought to be regarded as one of the most 
important attributes of truly catalytic processes. 
Thera are instances in which the solvent, a third and 
unchanging body, varies the velocity of the reaction 
between two substances dissolved therein, and such 
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an effect might be regarded as catalytic, we#e not 
exception taken, and rightly so, to the large arrtbunt 
of the third substance necessary. 

13. Tne Amount remains Constant.-*- Theoreti- 
cally, the quantity of the catalyst should of course 
remain unchanged. In practice, howftjret even m 
the absence of secondary reactions, which are often 
a source of loss, renewal of toe catalytic agent becomes 
necessary at intervals, largely on account of deteriora- 
tion consequent upon the accumulation of “ poison- 
ous ” material — a matter which will be referred to 
more fully later on. For this reason, it is customary 
to refer to the “ life ” of a catalyst, meaning thereby 
the period over which the catalyst retains a reason- 
able activity. 

Instances of true catalysis are known in which the 
catalyst either increases or decreases in quantity 
as the reaction proceeds, the apparent contradiction 
arising from the fact that the catalyst, positive or 
negative, is set free as one of the reaction products. 
The phenomenon is known as Auto-catalysis. An 
example is found in the hydrolysis of an ester by 
water, where the liberated acid acts as the catalyst. 
Cases of negative auto-catalysis, or mito-retardation, 
are rare, and are only to be found iiTTtoemical 
literature. 

( 3 ) Effect ufon the Final State of Equilibrium. 

t 14. The difference in the energy equations c# the 
iifitial and final states of a reaction represents the 
amount of energy transformed, and since a catalyst 
introduces no energy, it follows that the final state of 
equilibrium must remain unaffected. Otherwise, $f 
course, by permitting the reaction to* take place 
alternately with and without the assistance of a 
catalyst, energy could be generated and a perpetual 
motor established. 

Again, the final state of equilibrium of a reversible 
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reactlbn depends only upon the ratio of the velocities 
of tfie two inverse reactions, and as this final state 
has been shown to remain unaltered byythe intro- 
duction of a catalyst, it may be deduced that the 
catalyst affects the two reaction velocities to the same 
detent. 

As a further deduction from the same statement 
that the final state of equilibrium is independent of 
the catalyst, it may be observed that the state of 
eqqjHbrium must necessarily be independent of both 
the nature and the quantity of the catalyst. Thus, 
in the case of the Contact process for sulphuric acid, 
it is not the equilibrium but only the velocity of its 
attainment which is affected by the use of vanadium 
pentoxide or ferric oxide instead of platinum. 

(4) Effect of Additional Substances upon Catalysts. 

15. Poisons. — It is a curious and important 
fact that the activity of a catalyst is liable to be 
greatly diminished by the presence of anothef sub- 
stance, of which even a trace is often sufficient to 
paralyse the catalyst. The classic instance of such an 
anti-catalyst or poison, as the contaminating sub- 
stance is called, is taken from the manufacture of 
sulphafttT^cid by the Contact process, where at the 
Very outset it was found that the platinum asbfcstcp 
employed for the oxidation of sulphur dioxide 
deteriorated so quickly as to render the process 
unworkable. Happily, the threatened ruin of t&is 
industry was averted by the discovery that it Whs 
the arsenic and other impurities contained in the 
sulphur dioxide which clogged the pores of the plati- 
nym and accounted for its diminished activity. 
Similarly, in the synthesis of ammonia by Haber, 
the presence of poisons contributed greatly to the 
difficulties involved in the establishment of the process 
on a commercial bysis. 

In all cases, the effect is remarkable for the 
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smallness of the quantity of the poison capsule of 
rendering the catalyst inactive. In the last-mentioned 
process, ior instance, the iron used as catalyst 
becomes quite “ dead " when it contains sulphur 
and is of little use even with jfo % impurity. 

Arsenic seems to paralyse the action of most 
catalysts, and the same applies more or l!ss*to hydro- 
cyanic acid, mercuric chloride, iodine, etc. Each 
catalyst, however, has its own list of poisons. Some 
of the poisons for the iron of Haber’s synthesis, 
strangely enough, are of quite a different nature from 
those of the platinum in the sulphuric acid manu- 
facture. In some cases, especially when the inhibitor 
is oxidisable, the catalyst may be made to recover 
its activity ; in other cases, the catalyst must be 
discarded or its paralysis prevented by the careful 
purification of the reacting materials. $ • 

Enzymes, which are also catalysts, are subject 
to a similar inhibiting influence, often by the same 
substances that poison purely “ inorganic *’ catalysts. 

The action of catalytic poisons should not be 
confused with that of negative catalysts. In the 
latter case it is the reaction which is retarded, 
whereas in the former the catalyst ias its activity 
reduced. 

t j6. Promoters . — In contradistinction to the 
above-mentioned inhibiting effect, other substances 
have been observed to increase the activity of a 
catalyst when they are added in minute quantity. 
Thus, practically all metallic catalysts become 
activated when certain oxides or compounds of other 
metals, or even the other metals themselves, are 
distributed through them. In Haber’s synthetic 
ammonia manufacture, for instance, th$ activity of 
the iron employed as catalyst is quickened to a 
very useful extent by the presence of a trace of such 
a foreign body as potash. Furtljer research in con- 
nection with promoters , as they are called, would be 
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amp$ repaid, for as yet our knowledge is limited to 
a ceftain number of isolated facts. 

17. When the additional substance does not help 
ip catalyse the main reaction, but rather assists the 
production of the catalyst, the phenomenon has been 
deferred Jo Pseudo-catalysis . 

A pseudo-catalyst, then, accelerates the pro- 
duction of an auto-catalyst, but does not accelerate 
the main reaction. A technical example is furnished 
by the drying of linseed oil, where the addition of a 
so-called siccative, such as the oxide of manganese, 
. of lead, or of zinc, is found to hasten the process, 
probably by accelerating the development of the 
peroxide-like substances which determine the drying. 

18. It may be noticed here that the joint effect of 
two catalysts need not necessarily be the sum of the 
effects of each catalyst taken separately. Though 
this does sometimes hold, the joint effect is more 
often greater and only occasionally less. 

19. Contact-carriers . — To obtain the greatest 
efficiency from a catalyst, it should present as large 
a surface as possible to the reacting components. 
For this reason, it should preferably be spread over a 
bed or support of an indifferent porous material 
such aTaSbestos, fireclay, kieselguhr, or pumice stone. 
The supporting material is known as a " contacj- 
carrier, and its use finds wide application in technical 
processes, more especially when the catalyst is a 
costly metal. 

(5) Specific Activity of Catalysts . 

20. As Ostwald has pointed out, there is probably 
mo kind of chemical reaction which cannot be in- 
fluenced catalytically, and no substance which cannot 
act as a catalyst. Yet each reaction requires its own 
specific catalyst or catalysts. Take, for example, 
the case of the (^composition of alcohols by heat. 
Some catalysts, e.g., thoria, catalyse the dehydration 
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process which produces ethylene hydrocaAons ; 
whereas with other catalysts, such as finely-divided 
copper, it is the formation of aldehydes and ketones 
by dehydrogenation which is accelerated.*' r 

Of course, under Armstrong's theory, 6 the 
presence of water or some other electrolyte inessential 
to all chemical reactions, but experiment is against 
this generalisation. Still/there are particular sub- 
stances, such as platinum and nickel, which appear 
capable of manifold application in a catalytic capacity, 
as the following pages will show. But whilst the 
behaviour of these substances is an argument 
r against absolute specificity of action, the fact remains 
that it cannot safely be predicted what will happen in 
any case not already tested by experiment. 

Occasionally, the discovery of a catalyst is a 
matter of accident or good fortune, as in the case of 
the synthesis of indigo, where the accidental breakage 
of a thermometer liberated the catalytic material 
(mercury), which rendered practicable the most 
obstinate reaction of the process. More generally, 
however, before the commercial success of a catalytic 
process can be assured, a large amount of systematic 
scientific research has to be undertaken embracing 
all manner of likely catalysts. 

False Catalysis. 

21. We have had occasion to refer in this chapter 
t(£ certain reactions classified as auto-catalytic and 
pseudo-catalytic. There exists another class of 
chemical reactions, known as Induced Reactions , 7 in 
which a slow reaction between two substances is 
accelerated in the presence of a simultaneous rapid 
reaction between one of the reacting bbdies of the 
first reaction and a third body. The third £>ody, 
therefore, acts in a manner which suggests catalysis. 
As, however, these reactions arc of np technical 
importance, it is unnecessary to discuss them further. 
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22% The mention of other classes of reactions 
bordering upon the catalytic raises the question as 
to the exact line of demarcation between catalytic 
and non-catalytic processes. As a matter of fact, 
it is very difficult, if not impossible, to draw such a 
line. In any* doubtful case which may come under 
consideration, it is well to fall back upon the 
definition, and, failing that, upon the characteristics 
which have been under discussion. 

The Weldon process, for instance, would be 
relegated to the class of False Catalysis , for though 
manganese dioxide there plays the part of a third 
and necessary agent in the oxidation of hydro- 
chloric acid, it is not employed in the presence of 
both of the reacting bodies, and cannot be considered, 
therefore, as accelerating their direct combination. 
Th§ same applies to other cyclic processes, such as 
the Messerschmidt process for hydrogen manu- 
facture, or the process for the removal of hydrogen 
sulphide from illuminating gas by the use of ferric 
oxide or manganese dioxide. Then, again, it would 
be incorrect to speak of those reactions which involve 
the use of so-called “ condensing agents ” as being 
catalytic reactms.j^rue, the addition of a small 
quantity of such an agent may determine the success 
of the reaction, but only by combining with one of # 
the products and thereby preventing the annulling 
effect of the reverse reaction. 

Classification of Catalysts. 

23. For the purpose of convenience, catalytic 
agents may be broadly divided into three classes : — 
(1) Chemical agents, which function by means 
of intermediate reactions. The substances known 
as 4 ' carriers ” (halogen-carriers, for instance, and 
not the contact-carriers already referred to) fall 
into this class. 
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(2) Physical agents, such as hot st&aces, 
colloidal solutions, etc., in which the Effect 
is dependent upon surface tension, occlusion, 
diffusion, or other physical phenomenon. 

(3) Indeterminates, which appear to combine 
the above two functions to a gfeat$f or less 
degree. Some of the finely-divided^metals may 
be regarded as belonging to this category. 

A classification of this kind is naturally only a 

provisional one, for it is not certain in any case 
exactly how the catalyst does function. There are 
many who regard the physical agents as being quasi- 
, catalytic in effect, and consider as true catalysts 
only those bodies which exert their influence by 
participating in the reaction. Be that as it may, 
this classification is as good as our present ignorance 
of the theory of catalytic action permits. If 0 the 
reader desires further information as to the various 
theories which have so far been put forward, reference 
should be made to 

“ A System of Physical Chemistry ” (Vol. L)~ 
Lewis (1918). 

“ Catalysis in Theory and Practice ” — Rideal and 
Taylor (1919). h*. <v 

“ Chemical Statics and Dynamic^ ^NwMellor 

<.'1904) • 
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CHAPTER II. 


Sulphuric Acib Manufacture. 

1. As examples of the application of catalysis to 
industrial chemistry, the two methods for the 
manufacture of sulphuric acid deserve first mention 
— the Chamber process as an illustration of the first 
class of catalytic action referred to in Chapter I; and 
the Contact process as illustrative of the second. 

In each case the atmospheric oxidation of sulphur 
dioxide is the primary reaction involved. Nowj at 
ordinary temperatures, and then only in solution, 
sulphur dioxide is oxidised with extreme slowness, 
while even at the temperatures which obtain during 
the roasting of pyrites the reaction only takes place 
to a small extent. For accelerating the oxidation 
two separate methods are available, the first or 
Chamber process based upon ViL ^ Opacity of oxides 
of nitrogen for serving as “ carriers ” of atmospheric 
kixjfgen to sulphur dioxide when in aqueous solution, 
and the second-— the Contact process — upon the 
property of platinum and other “ contact h bodies 
tp induce the rapid formation of sulphuric anhydride 
in a gaseous mixture of sulphur dioxide and oxygen. 
Each of these methods will be dealt with from the 
catalytic point of view. 

I. Chamber Process. 

2. The oxides of nitrogen function a§ true 
catalysts for this profess, since they can be recovered 
unchanged from the products of the reaction and 
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utilisel repeatedly for accelerating the oxidation of 
further quantities of sulphur dioxide. Consequently, 
a Chamber plant includes arrangements for recover- 
ing the nit^pgen oxides from the exit gases of the 
leaden chambers in which the oxidation of the sulphur 
dioxide has «taken place and for reintroducing the 
same into*thfc apparatus. 

3. The cycle of operations is briefly this : The 
hot gases from the brimstone or pyntes burners, 
containing about 7% sulphur dioxide, are made to 
take* up oxides of nitrogen by being brought into 
contact in a Glover tower with a solution of nitrosyl 
sulphuric acid, i.e., sulphuric acid which has absorbed 
the nitrogen oxides of a previous operation. The 
gaseous mixture is then passed through a series of 
leaden chambers, into which steam is forced or 
dilute sulphuric acid sprayed, for the completion of 
the feaction and the deposition of the resulting acid. 
After playing their catalytic role , the nitrous gases 
emerging from the last chamber are absorbed by 
sulphuric acid in a Gay-Lussac tower, forming 
nitrous vitriol, which is then transferred to the Glover 
tower for the reintroduction of its contained nitrous 
gases into fresh l?urnf& mixture. 

In the most cSfSully conducted systems a loss 
of nitrous fumes occurs— averaging 3 to 4 parts 
of nitre per 100 parts of sulphur burnt — and this has 
to be made good, usually by the periodic addition, 
of nitric acid at some point of the cycle. The oldeis 
English method is to introduce an iron pot containing 
nitre and sulphuric acid into the burner gas flue. 
More recently, the nitre pots have been replaced by 
a simple ammonia-oxidation apparatus (see Chapter 
I Vf section 1$ for supplying the oxides of nitrogen 
required. On the Continent it is the practice to 
add liquid nitric acid to the nitrous vitriol of the 
Glover tower, or ta spray liquid nitric acid or a 
solution of sodium nitrate into thS lead chamber, 

■' *.A. V 
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4. *The theory of 6 the process has engagAithe 
attention of chemists for upwards, of a ceatury. 
Many nitrogen complexes, apparently easily inter- 
changeable, are formed by the interaction of nitrogen 
oxides, sulphuric acid, water and oxygen, ana 
though, for the sake of convenience, nitric acid may 
be referred to as the catalyst, it is probably one of 
the above-mentioned bodies which really functions 
in this way. The various theories 1 advanced by 
Lunge, Raschig, Divers, and others, apparently 
differ from each other only in their conception of 
this intermediate compound or compounds. 

There is no question, however, that the reaction 
proceeds in any other way than by means of " inter- 
mediate reactions." Taking a simple view 0! the 
reactions involved, the instantaneous formation of 
“ chamber crystals ” (nitrosyl sulphuric acid) from 
sulphur dioxide, nitrous vapours and oxygen pro- 
vides a common lecture experiment, as also the 
equally instantaneous decomposition of these crystals 
when brought into contact with water. By the 
postulation, then, of the intermediate formation of 
‘'chamber crystals," the mystery surrounding the 
acceleration of the normally ^ow reaction between 
sulphur dioxide, water and oxygu? ty the agency of 
nitric oxide finds a plausible solution; though, of 
course, the problem is not such a simple one as 
this. 

* 5, The Chamber process is an old-established one 
«r-its inception dating back to the middle of $$ 
eighteenth century— but with the aid of modern 
developments, such as Falding's high chamJ^y iOpl 
towers, and Gaillard concentrators, it is still^ablo td 
compete successfully with the rival Cqntaet tligtBOd, ; 
As a matter of fact, more sulphuric acid is aiadeSby 
the Chamber process than by the <^tact; ^ 
even in countries such as Germany where ttei Gphta^t 
method has been largely introduced. 
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II. Contact Process* 

81 Thb catalytic activity of platinum in pro- 
moting the union of sulphur dioxide and oxygen was 
made the Abject of a patent as long ago as 1831 by 
Phillips,* buj the successful utilisation of the fact 
upon anjnfiustrial basis is a matter only of com- 
paratively recent years. The protracted develop- 
ment is accounted for *by the many difficulties 
encountered, difficulties arising largely from the 
inadequacy of contemporary engineering chemistry. 
Now that these obstacles have been overcome, full 
technical success is assured, and the process has 
already displaced the older Chamber process in the’ 
manufacture of the more concentrated acid ; whilst 
for the production of oleum or fuming sulphuric acid 
so essential to the dye and explosive industries, this 
process is the only one available. 

Tne most serious difficulties in the successful 
working of the process were concerned with the 
regulation of the temperature and the prevention 
of the gradual destruction of the catalytic power of 
the platinum. 

7. The reaction — 


so a + 0 : 


:so 3 


is accompanied by the evolution of 22,600 calories, a 

‘ material unless precautions are taken.^ Of course. 
With the diluted burner gas mixture— and the liw 
of mass action demands an excess of oxygen if any- 
thing approaching a quantitative conversion into 
sulphide anhydride is to be obtained-^the afect 
of the heat developed is not so great, yet it fe still 
to raise the temperature a We that for 
.ohtaming the best results. ■ * 

Tne .influence of the temperature, upon tifei 
amoftg other things, investigated fiy 
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Kfitetsch 8 of the Badische Anilin und Soda F&brik, 
and his results in this connection, published in *901, 
are indicated by Figs. 1 and 2. Technical burner 
gas, containing 7% sulphur dioxide, ia% oxygen* 
and the rest nitrogen (corresponding to about 
2S0 ? : 30 a ), was passed at varying 0 ' crates over 
platinised asbestos heated to different tefe]!feratures, 
and it was observed (see 'curve 1, Fig. 1) that the 
reaction began at about 200° and reached approxi- 



Temperatura C. 

Fio. 1. 


g ate completion at 420°, whilst above this tempera- 
te the yield of sulphuric anhydride gradually' fell 
off until at iooo 0 no reaction was possible. By 
increasing the rate of flow, the temperature of maxjk 
mum conversion increases, but at the same time the 
maximum yield diminishes. This is clearly shorn 
by curve 2, Fig. 1, which traces thi loci of the 
maxima for the curves representing faster rgtfes of 
flow. Curve 3, Fig. 1, is an example of such a carve, 
the speed in this case being 30,600 c.c. per minute* 
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wjiicli is ioo ; times as fast as that involved in 
curve 1. 

In Fig. £ the influence of the temperature upon 
xhe reaction is plotted against the rate of flow of the 
gases, or what amounts to the same thing, against 
the quantity of platinum employed. The steepness 
of the curves as they leave zero should be noticed, 
for they point to the fact that a violent reaction ensues 
when the roaster gases first come into contact with 



Quantity of Platinum or Time of Contact. 

Fio, a. 

the catalyst — from which may be anticipated a danger 
from intense local heating. 

It is evident from these curves that, with platinum 
asithe catalytic agent, the most desirable temperature 
lies at abouff 420°. A higher temperature would 
increase the velocity of formation of sulphur trioxide, 
but at the same time detrimentally affect the 

S pnUbtium. And «ince rapidity of production is 
ways essential to the success of a manufacturing 
process, a compromise is usually effected, in thi&case 
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at or somewhat above 450 9 . It may be mention# 
that under the best conditions a yield of sulphuric 
anhydride can be obtained of over <&% of tha^ 
theoretically possible. 

To maintain the contact mass at *the desired 
temperature, some external cooling is* necessary ; 
and this is generally brought about by causing the 
comparatively cool burner gases to flow round the 
tubes in the converter which contain the contact 
material. The temperature of the ingoing gases is 
raised thereby to about 300° by means of heat 
extracted from the contact reaction. Superheating 
at the beginning of the reaction has to be avoided, 
either by bringing the burner gases into contact with 
material of gradually increasing richness in platinum, 4 
or by effecting the reaction in separate stages in 
different converters, the sulphuric anhydride Con- 
tained in the gases leaving the first converter being 
absorbed before passing the gases into the second* 
In any case, the reaction temperature should be $0 
maintained that the temperature of the gases leaving 
the contact material lies between 400° and 450°. 

9. The remaining difficultj^hat of the gradual 
diminution in the efficacy of the p/aiinun* employed, 
4s one which has troubled manufacturers from the 
very beginning. As before, the cause of the diminu- 
tion was located by the researches of the Badiphe 
trm, and found to reside in the accumulation in the 
contact material of “ poisonous ” substances 
from the impurities contained In the burner gase^. 
Ih Chapter I it was mentioned that mere trae#of 
these poisons act detrimentally upon the activity of • 
th^catalyst, and contact platinum is 
for the presence of 1 to 2 % of arsenic compounds #as 
> : found to render it completely inactive. Crudednim^ 
gases contain, in addition to moistiire, both gn&$ns 
and suspended impurities, the most injurious 

tlie Catalytic point of view fibre arsenic, 
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suajd. mercury, with their compounds. 
Tie presence df a trace of water, strangely enough, 
was found to be essential to the reaction, though 
lh greater* quantities water had an injurious 
effect % 1 

To resjnewe objection on this ground to the use of 
platinum as contact material, the burner gases are 
subjected to purification before being introduced into 
the converter. This is a simple matter as regards the 
greater quantity of the impurities present in the 
gases, but unfortunately the last traces are found to 
resist removal very tenaciously. In a modem plant, 
purification is effected by first treating the gases ' 
leaving the burners with a jet of steam, then by 
cooling and washing, and finally by passage through 
.ulphuric acid to remove all water but that sufficient 
;o •promulgate the reaction. Optical and chemical 
examination should then indicate the complete 
absence of impurity. 

10. Owing to the cost of purification, as well as 
:q the high price of platinum, the use of other contact 
naterial is now finding application. Ferric oxide 6 
appears to be the most promising of these, for, apart 
:rom its cheapnu^vhich permits of repeated replace- 
nent, its Activity is not liable to the same degree of 
mfeeblement as is that of platinum. Arsenic Soim 
pounds, for instance, combine with it to form a non- 
volatile substance whose presence only slowly reduces. 
j|fe activity. Moisture appears to have the mj£t 
iiefetetious effect, and the burner gases are therefore 
[fist .dried before being introduced into the converter, 
kt nfight be^oticed that arsenic pentoxide, 7 free from 
itself possesses good catalytic powers for $**3 
reaction.. '■?' . ' .i&U-'. 

a t great disadvantage of ferric oxide lies in the 
at quantitative conversion of sulphur dioxide 
iqth Sulphuric anhvdride cannot be obtained, fcjv ita 
wL, ; , rfiisis brou(?Iit out by curve 4. 
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represents the yields obtained at various teiqpera- 
tures when pyrites cinders were eiftployed as the 
contact agent. From this curve it will be seen that 
the maximum conversion does not quite' 1 attain % 

(under modem conditions the yield «does not rise 
much above 60%), and then at a temperature over 
100° higher than is requisite for platinum as contact 
material. The fact, however, that the optimum 
temperature for ferric oxide is higher than for 
platinum is really no disadvantage, because atcthe 
higher temperature the reaction velocity is far 
greater, ana this allows of a more rapid producton 
* of sulphur trioxide. Ferric oxide finds its proper 
sphere of usefulness when employed in conjunction 
with platinum, the former being used for the first 
stage of the operation at high temperatures, giving a 
6o~-65% conversion, and then, after absorption* of 
the resulting sulphur trioxide, employing the latter to 
complete the reaction at a lower temperature 
(Mannheim process 8 ) . 

Incidentally, attention is drawn to curve 5, Fig. 1, 
which shows the effect of heat upon sulphuric 
anhydride in' an empty porcelain tube, that is to say, 
out of contact with the catalytic material. The 
remarkable deduction can be drawn from it that 
sulphuric anhydride, once formed, is very stable at 
quite high temperatures when contact substances 
are absent. Complete dissociation is only attained 
a^ 1,200°. Curve 6 summarises the results when 
pieces of porcelain were used as the contact 
material. 

xi; Investigators have been busy in recent years * 
seeking still other catalysts for the Contact process 
and from the number which have beln patented* 
the discovery of a catalyst would appear to |>e no 
difficult matter. For example, vanadic acid 1 or Crih 
of its salts, particularly silver vanhdate, 10 has strong 
catalytic properties. In addition, the oxides aniL 
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sulphates of chromium, manganese, and copper 11 * 
the oxides of the rare earths 12 : alloys of different 
kinds, such, as alloys of iron with molybdenum, 
Ihromium, or vanadium 18 : are numbered in the list 
of catalysts* # If necessary, any of the substances 
may be supported upon a carrier of an indifferent 
material, or may be incorporated with a body which 
exerts a promoting effect. Nevertheless, so far as is 
known — and most factories maintain great secrecy 
upon this and similar matters — the only catalysts in 
practical use are : — (1) platinised asbestos (Badische 14 
and Tentelew 16 processes), (2) platinised magnesium 
sulphate, made by soaking magnesium sulphate in a 
solution of a platinum salt and then heating in an 
atmosphere of sulphur dioxide (Schroder-Grillo 14 
process), and (3) burnt pyrites cinders, which are 
composed of ferric oxide containing a little copper 
oxide (Mannheim 17 or Clemm and Hasenbach pro- 
cess). 

12. With regard to the theory of this reaction but 
little can be said. Platinum is usually regarded as 
belonging to the second class of catalyst, viz., those 
which exert their influence by reason of the occlusion, 
or condensation ujron their surface, of the reacting 
gases. Some doubt, however, as to the correctness of 
this belief is raised by a consideration of the numerous 
other catalysts above referred to, for many are seen 
to be compounds of metals of dual valency whose 
action may depend upon the reduction of the higher 
form of oxidation at the same time that the lower S 
being oxidised. Ferric oxide would appear to belong 
to this class. But as an explanation on these lines 
would presuppose the existence of a hypothetical 
platinum dioxide, it would be better to argue from 
the well-authenticated influence of the fineness of 
division of a substance upon the acceleration Of > a 
Wction that the activity of platinum, at leas^ ia 
il^re physical than chemical. 
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CHAPTER III. 

Industrial Chlorine, Salt-Cake Manufacture, 
Sulphur Recovery. 

i. Before proceeding to a discussion of the 
newer applications of catalysis in the field of in- 
organic chemistry, reference must first be made to 
.the processes underlying several old and well-known 
industries which possess great interest when viewed 
from our present standpoint. 

I. Deacon Process. 

Z. For three-quarters of a century, it has been 
known that a mixture of hydrochloric acid gas and 
oxygen, when strongly heated and particularly when 
in contact with porous substances, undergoes partial 
decomposition with the formation of water and the 
liberation of chlorine . 1 

2HC1 + 0 Cl a + H*0 + 14,700 cals. 

Under the stated conditions the yield Is so small ag, 
to render the process impracticable unless a sub- 
stiace capable of acting as an oxygen carrier Be 
employed. It was Deacon 2 who first evolved a 
successful chlorine manufacture using this reaction, 
aM then byjhe employment as catalyst of pumice 
impregnated with a copper salt, - v 

, r ij; ^|:ln the course of a series of investigations It was 
ebtiibli^ed by Hurter 8 (a collaborator of Deaccm's) 
^at the cheapest and most efficient catalyst availabte 
fcr t!id”purpcee-was cupric chloride ana, strangely. 
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enough, this contact-material still holds thg field 
against all others that have been proposed. His result 
was deduced from a diagram showing ^he affinity of 
all likely elements for oxygen, chlorine, and hydrogen 
—-the diagram being obtained by plotting the heats 
of combination of these compounds t against the 
atomic weight of the element concerned— from which 
it could be seen at a glance that no other metal than 
copper forms two oxides and two chlorides in which 
the combination is of so loose a character. The enquiry 
is mentioned here, since it furnishes one of the few 
cases in which the most useful catalyst has been 
selected, or at least the selection confirmed, from 
theoretical considerations. 

4. During the early stages of the development of 
the Deacon process, the working results proved 
somewhat unsatisfactory. For some cause, then 
unexplained, the catalyst was quickly rendered 
inactive when " roaster gas ” was employed, the 
latter, of course, containing as impurity the products 
of combustion from the open furnaces in which the 
second stage of the salt-cake process is effected. 

The disadvantages attendant upon the use of 
" roaster gas ” have been overcome largely as a 
result of the researches of Hasenclever. 4 T his investi- 
gator attributed the rapid deterioration of the 
catalyst to the presence of sulphur trioxide in the 
gas, whereby a coating of sulphate was formed on 
me copper chloride employed; and proposed to, 
eliminate this injurious effect by first absorbing the 
“roaster gas" in water, and then treating t&e 
resulting impure acid with hot sulphuric acid and 
air, by which means a mixture of pure gaseons 
hydrochloric acid with the requisite amount of air. 
could be obtained. 6 Other remedies have beqn sug T 
gested, but Hasenclever's process is admittedly m 
most thorough. * - 

As would be expected, sulphur trioxide is not the 
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only undesirable impurity in the tecnmcal gases. 
Oxideof arsenic, produces arsenate of copper, which 
is even less reactive than the sulphate. Another 
impurity which exerts a deleterious influence is 
sulphur dioxide, for in the decomposer it is converted 
into sulphurio dcid. Kolb 6 provides for the removal 
of both the dlbxide and trioxide of sulphur by passing 
the “ roaster gas " over lumps of salt, as in Har- 
greave's process described later. Both gases are 
absorbed, and by interaction with the salt generate 
a little more hydrochloric acid, which passes along 
with the unchanged hydrochloric acid of the furnace 
gases. According to Gaskell, 7 the removal of sul- 
phuric and arsenic acids can be effected by adding to 
the contact mass such substances as have a greater 
affinity for the two impurities than copper has, e.g., 
calcium or magnesium chloride. 

£ It is now recognised that cupric chloride is one 
of the most sensitive of catalysts to “ poisonous ” sub- 
stances. On account of the small traces of impurities, 
such as the above-mentioned arsenic compounds, 
which it is impossible entirely to remove, as well as 
by reason of a gradual volatilisation of the copper 
salt, it is found necessary to renew the catalytic 
material at regular intervals. 

This is effected in the most satisfactory manner by 
the type of decomposer 8 shown in Fig. 3, comprising 
ah upright iron cylinder A, within which a cylindrical 
ring of contact material B is supported bv iron, 
shutters, C. The annular space between the shutter* 
is divided into six compartments, each of which is 
emptied in succession every fortnight. The contact 
mass, wholly renewed in this way every three months*, 
consists of broken brick which has been soaked in i 
solution of cupric chloride, and contains when dry 
from to 07 % metallic copper. Entering by the 
pipe D on the circumference of the cylinder, the gMes 
from the salt-cake furnace pass through the %ri^ 
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mass into the inner space and are led away'W. the 
pipe E. ■ . . 

• 6. The regulation of the temperature of the reac- 
tion in the decomposer is one of thecprimary con- 
siderations of the process. To obtain a good yield of 
chlorine the temperature must be kept as low as 
possible, seeing that the reaction is exothermic. But 
the lower the temperature falls, the less becomes the' 
reaction velocity, notwithstanding the use of a 
catalyst. The two technical requirements of com- 


A 
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pleteness of reaction and highest possible velocity are 
^therefore conflicting, and a compromise has to be 
effected by fixing what is known as an ^ 

temperature, or a temperature below which i| is 
impracticable to go. The most suitable temperature 
appears to be at 450—460°; above this volatilisa* 
tfon becomes excessive, whilst below*it the y^$ is 
much diminished. 

The rate of flow of the gases must be adjusted io,; 
allow them to- attain equilibrium in 0 $ 

Of course, the equilibrium does not depend altogether 
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tfpon ihfa nor open the temperature, but a fon i pb o 
the proportion, of the constituents of the gases. 
Thus, the more air there is present, the more complete 
yifl be the .equilibrium in favour of chlorine pro- 
duction. In practice, a mixture of 25% add mid 
75% air is employed. 

Unde? these conditions, nevertheless, only about 
two-thirds of the hydrochloric acid is converted into 
chlorine, and the undecomposed add has therefore 
to be recovered, usually in a scrubbing arrangement. 
Even then, a much greater percentage of the add i$ 
utihsed than in any process employing either natural 
or recovered manganese dioxide. 

7. The sensitiveness of cupric chloride has natu- 
rally induced investigators to seek other contact sub- 
stances for the production of chlorine from gaseous 
hydrtxjhloric acid. Among these are ferric- chloride * 
platinised asbestos, 1 ® a mixture of magnesium and 
manganese chlorides with magnesium sulphate, 11 the 
chlorides of the rare earths, 18 and the double com- 
pounds or mixtures of cupric chloride with other 
chlorides , but the application of none of these 
materials, so far as is known, has emerged from the 
experimental stage. This list, although incomplete, 
vmj be sufficient* to show how numerous and 
varied are the catalysts for the interaction under 
consideration. 

5, 8 . The mechanism of the reaction is usually 
explained on the basis of an intermediate formation 
w un oxychloride of copper, CuO . CuCL. jhe 
foUwuig then comprises the cycle of reactions j&i? 


. 2CuCl, - CuiCl, + Cl. 
i_ . Cn,Clt + 0 “ Cl . Cn . 0 . bn . 
CttiOpi, + 2HC1 - H,0 + 2CuCl, 
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by Hargreaves and Robinson 14 in 1870, is deserving 
of mention in view of its later developments. Origi- 
nally the process involved no catalyst, but consisted 
simply of the passage of pyrites gases ewer suitably- 
prepared common salt at 500— 550° in a series of 
chambers, giving rise to the following l reaction : — 

2NaCl + SO, + 0 +,£,0 Na,S0 4 + 2HC1. 

10. In 1873 they proposed the addition of copper, 
manganese, or chromium, or their compounds 15 ; and 
again in 1886 suggested increasing the speed of the 
reaction by the addition of a little ferric oxide to the 
salt. 14 Other substances have been put forward for 
the same purpose, but copper oxide and ferric oxide 
(particularly the former) appear to have the greatest 
influence. 

Tp take advantage of the catalytic activity of # the 
copper and iron oxides, the common salt is moistened 
pnor to moulding with a solution of copper or iron 
sulphate or both, the added content varying between 
o*i and i*o % in terms of metal. 17 The upper limit is 
only possible when the resulting salt-cake is intended 
for the Leblanc soda process, for there a little impurity 
has no effect ; but where a purer material is required, 
for use for instance in glass worlft, only a very small 
amount of the catalyst may be added. The addition 
of these materials not only increases the velocity of 
the interaction, but also diminishes the temperature 
-of decomposition. Most probably, the purpose (5 the 
added material is to promote the combination of the 
sulphur dioxide and oxygen to sulphuric anhydride, 
which then reacts with the common salt. 

III. Claus-Chance ProcS&s. 

11. At one time, the greatest source of igconve* 
niehce to the manufacturer of alkali by th^ Leblanc 
process was associated with the disposal of ihe tank* 
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waste” or 41 alkali waste,”— the insoluble residue, 
containing’ some 40 — 60% calcium sulphide, which 
remains after lixiviation 01 “ black ash ” — on account 
4 ?oth of the Ipace it took up and the annoyance its 
smell occasioned to the neighbourhood surrounding 
the works. * 

Several attempts were made to work up this by- 
product, all of which proved unsuccessful until in 
1887 the firm of Chance Bros., 18 after the expenditure 
of much time and money, succeeded in devising a 
process for the recovery of most of the contained 
sulphur at a price permitting competition with 
Sicilian brimstone. Incidentally, the achievement 
was a fortunate one for the Leblanc process, since 
it has enabled it to compete with its younger and more 
vigorous rival, the Solvay ammonia-soda process. 
It is.stated that from 30,000 to 40,000 tons of sulphur 
are annually recovered by this process in Great 
Britain alone. 

12. The method is primarily based upon that 
patented in 1837 by Gossage 19 (who lost his fortune 
m futile endeavours to establish it on a commercial 
footing), which consists in decomposing the calcium 
sulphide of the 41 tjnk-waste ” by lime-kiln gases, 
followed by the combustion of the sulphuretted 
hydrogen obtained. It is the latter part of the pro- 
cess that has catalytic interest, for it is accomplished 
according to a method devised by Claus, 20 in which 
the gas, after admixture with air in the combining 
proportions, is passed through a hot bed of solid 
material, such as oxide of iron, oxide of manganese, 
alumina, etc., in order to effect incomplete or frac- 
tional combustion according to the equation— 

, H,S 4- 0 « H,0 + S + 55,000 cals. 

&i fhe lubstances tried as catalysts, however, none 
has been found to giV% such good results as hydrated 
ferric oxide.. 
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13. In the usual construction of apparatus the 
Claus kiln," as it is called, comprises a cyUiidfe pro- 
vided internally with a grating upon wmch- rests a 
layer of broken firebrick, with a further layer. 6f 
bog-iron ore — a suitable form of hydrated oxide of 
iron — superimposed thereon. The combustible mix- 
ture, usually about four volumes of air to five volumes 
of 38% sulphuretted hydrogen, enters at the top and 
passes through the porous layers, where it is burnt 
to sulphur vapour and steam. The products are o then 
drawn from the bottom into a series of condensing 
chambers, where part of the sulphur vapour condenses 
to liquid sulphur and the remainder as flowers of 
sulphur along with the uncondensed steam. The 
reaction in the kiln is far from complete, for from 
15 to 20% of sulphur escapes from the condensing 
chambers in the form of sulphur dioxide and sul- 
phuretted hydrogen. The former is removed by 
scrubbing with water and the latter by the passage 
of the waste gas through oxide of iron purifiers. 

The temperature of the process is maintained by 
the heat of the reaction itself, and should not be 
allowed to fall below 200°. To start the reaction, a 
few shovelfuls of red-hot coal are thrown on to the 
oxide, and the temperature is then regulated by 
controlling the speed of the gas. 

When once the necessary temperature has-been 
reached, the reaction is found to proceed Jairly 
satisfactorily with other contact material sugh as 
c broken brick, but the working temperature then 
becomes higher than when ferric oxide only % 
employed. For starting the reaction, however, ferine 
oxide or similar contact material must be employed* 
hence the two layers in the Claus k&n. Receittly it 
has been found that the temperature cah be sti® 
further reduced by using dried tf Weldon 
insoluble manganites of manganese and 
which are its principal constituents, 
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eko^ilt catalysts. Bauxite * is another material 
whicn is being used as a substitute for oxide of iron, 
and according to all reports based upon continued 
^practical tests, it has proved an efficient catalyst for 
this purpose ; $ 

14' A? mentioned when dealing with the Contact 
process for sulphuric acid, f the catalytic activity of 
ferric oxide is to be attributed to the readiness of its 
transformation into some lower oxide when an 
oxi^isable compound is present and its subsequent 
easy re-oxidation by atmospheric air. 
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CHAPTER IV. 

Fixation of Atmospheric Nitrogen. 

1. As long ago as 1898 Sir William Crookes 1 
drew attention to the possibility of the early 
exhaustion of the nitrate deposits of Chile. The 
significance of this warning depended upon the fact 
that the only other source of inorganic nitrogen 
compounds available at that time, viz., the 
ammoniacal by-products obtained in the destructive 
distillation of coal, could never be anything# like 
enough to meet the rapidly increasing demands of 
chemical industry and agriculture. 

In looking around for some practical means for 
averting the prospect of an ultimate nitrogen starva- 
tion, chemists naturally turned to the inexhaustible 
store of free nitrogen wliich the atmosphere contains, . 
for the most obvious solution t9 the problem would 
be to convert this nitrogen in some way or other 
into compounds of technical value. During the 
last twenty years the problem has been repeatedly 
attacked, mainly upon these lines ; and as the result 
of a prodigious amount of research, quite a number 
%i different methods for the fixation of atmospheric 
nitrogen have been worked out, and some of them 
established on a most extensive commercial scale* 
Since several of the processes are essentially catalytic 
in character, their Investigation has contributed very 
appreciably to the sum total of our knowledge of 
catalysis. . V , ■ 

2. The recent war has emphasised the importance 
of the new industries. From the first, Germany had 
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foresee the value 61 nitrogen-fixation processes from 
the point of vieW of the manufacture of explosives, 
and their industrial development had been fostered. 
Indeed, Germany's decision to declare war appears 
to have been influenced not a little by the reahsation 
of her gyving independence of imported nitrate. 
The Allied Powers, on the pther hand, have always 
relied to a heavy extent upon their imports of sea- 
borne nitrate, with the result that the nitrate 
situation during the war was one of the most impor- 
tant and critical that confronted their statesmen. 
It remains to be seen whether, if only in the interests 
of national security, Great Britain will insure herself 
against future contingencies of this kind by the 
establishment of nitrogen-fixation processes upon a 
considerable manufacturing scale. 

As indicative of the enormous expansion that has 
arisen out of the war, it might be mentioned that 
whereas in 1914 the estimated capacity of nitrogen- 
fixation plant represented about 10 % of the world’s 
supplies of combined nitrogen, this has now grown to 
a total of 30 %» and is likely to increase. 

3. Reverting to the industrial processes, we find 
that three distinct methods are involved, viz. : — 

(1) The direct oxidation of atmospheric nitrogen 

to its oxides by means of the electric arc, 
as in the processes of Birkeland and Eyde, 
SchSnherr, and Pauling; or by the com- ( 
bustion of fuel products at high tempera^ 
tures, as in the Hausser and Bender 
processes. 

(2) Tne high-temperature fixation of nitrogen by 

metau§ or metallic compounds, which forms 
the basis of the Aluminium Nitride (Serpekl 
process, the Cyanamide (Frank and Caro) 
process, and the Cyanide (Bucher) process. : 

(3) Xhe direct synthesis of ammonia, associated 

vrtth the name of Haber. 
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In, addition, the processes for the ^ 
ammonia should be mentioned, for* they prorate a 
means for converting the end-product oj, the processes 
referred to under (2) and (3) above into the com*’ 
mercially important nitric acid. c c r 

Of the above-mentioned, the proqes^s which 
depend primarily upon, catalytic phenomena are 
those for the synthesis of ammonia and for the 
oxidation of ammonia to nitric acid ; but several of 
the others, which have some interest catalyticglly, 
will' also come under consideration. 

I. Ammonia-Synthesis Process. 

4. The affinity of nitrogen for hydrogen, either 
at high temperatures or under the influence of spark 
or silent discharge, is so small as to be almost 
negligible. Even with the aid of a catalyst, the 
smallness of the yield was formerly considered to 
hold out no prospect of commercial advantage. 

In 1904, Haber 2 undertook the investigation of 
the temperature equilibrium of ammonia, using 
modem physico-chemical methods. Nemst, 8 too, 
examined the equilibrium problem in 1907, but from 
the standpoint of the influence of pressure, using 
pressures as high as 70 atmospheres. Both investi- 
gators employed a catalyst to promote the attainment 
of equilibrium. From the figures communicated in 
each case, the practical synthesis of ammonia 
Appeared almost a hopeless problem. . 

Undismayed by these unpromising results, 
Haber 1 allied himself with the chemisti of ? 
Hadische Anilin und Soda Fabrik, and conduced 
further experiments in winch almost uhprecedentedJy 
high pressures were employed. As the mspftV;® 
th^so experiments, they were finally aible io 
tha| ammonia is actually capable df ^ynthtisis on r .a 
technical scale, the essential factor for ^ 
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^pre$stures ' °£ from 150--250 

••>: Stupendous difficulties had to be contended with' 
4 >y Haber in 'connection with his investigation and 
by the chemises of the above-mentioned firm in its 
subsequent industrial development. By the manner 
in which hll*obstacles were surmounted, 6 the process 
ranks among the most briliant achievements in the 
history of chemistry. As illustrative of the diffi- 
culties encountered, it might be mentioned that steel 
loseS its carbon by the corrosive action of the gaseous 
mixture at elevated temperatures, and that iron 
becomes pervious to hydrogen under the high 
pressures involved. Furthermore, the presence of 
very small quantities of oxygen in the reacting 
gases renders them explosive, and necessitates 
the, operation being carried out in bomb-proof 
shelters. 

5. Of the actual construction of the apparatus 
very few details are forthcoming, despite the fact 
that the first factory of the above firm was completed 
in 1913, and that for the year 1917 it is estimated 
that no less than half a million, tons of synthetic 
ammonium sulphate were produced. Owing to the 
secrecy observed, the commercial development of the 
process has so far been entirely confined to Germany. 
In this connection, though, it is satisfactory to 
team that a factory for the manufacture of 
gmthefic ammonia is in process of erection in< 

idea of the apparatus, nevertheless, may be 
gathered from a consideration of the diagfihUnatic 
sketch 1 shown in Fig. 4. A dried mixture <8 the 
gases, in the theoretical proportions of 
of hydrogen to one of nitrogen and under a compres- 
sioa of about 250 atmospheres, is passed thrOum a 
hO^jnterchanger £ consisting of a double cb& fb 
the annular, snace between two tubes A and R’the 
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first of which contains the catalytic material, whilst 
the" second is surrounded by an electric heating coil 



Both tubes are embedded in insulating packifig epfc4 
gained in an outer tube F, so that the temperature 
can be maintained at any point between jod?^ aiia 
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700°. After passing through the catalysing material 
and !he inner • tube of the heat-interchanger, the 
gases reach" $ condenser C maintained at a tem- 
•perature of - 75 0 , where the liquid ammonia collects 
in a vessel V# The uncondensed gases are forced 
again through the circuit by means of a pump P, 
fresh nitfogen and hydrogep being introduced by the 
valved pipe D. The heat-interchanger is designed 
to transfer the heat evolved by the reaction in the 
catalyser to the cooled ingoing gases. 

*6. Returning now from this brief glance at the 
process, consideration must be given to the large 
amount of pioneer work which enabled Haber to 
define & priori all the conditions of the problem. 

The union of nitrogen and hydrogen can be repre- 
sented as follows : — 

N a + 3 H, = 2NH 3 + 11,890 cals. 

(2 vols.) (6 vols. ) (4 vols.) 

From this equation, the following conclusions may be 
drawn (see Chapter I, sections 7 and 8) 

(1) Since the combination is accompanied by a 
diminution of pressure at constant volume, 
increase of pressure will increase the con- 
centration of ammonia at the equilibrium 
for a given temperature. 

- (2) The reaction being exothermic, an increase of 
temperature will diminish the concentra- 
tion, assuming the pressure remains con- 1 
stant. m 

If there were no other considerations than these, it 
would follow that the pressure ought to be kept as 
Ijjgh as possible and the temperature as low as 

. |n the following table are embodied some of 
J$abe*% results, showing the equilibrium conceiitra^ 

; tions of ammonia* at various temperatures 
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Ptmvxt 

{taatmo- 

aphflPe*). 

Temperature °C. 4 5 

200 

300 

400 

500 

600 

** 

806 

; 900 .V 

I 

30 

IOO 

200 

* 5-3 

676 

8o*6 

85.8 

2*18 

31*8 

52-1 

62*8 

o -44 

107 

25-1 

36*3 

013 

3-62 

io*4 

17-6 

0- 05 

1 - 43 
4’5 
8-2 

t 

002 

o*66* 

21 

4,1 

0- oi 

<*35 

1- i 
2*2 

•006 

d‘2i 

07 

i*3 


The figures will be found to bear out the con- 
elusions already arrived at. 

There still remain two factors, however, of which 

to *w^ t v aS ye l been taken ’ viz > the rapid decrease 
m the reaction velocity with fall of temperature, and 
the accelerating influence of a catalyst upon the rate 
of attainment of equilibrium at any temperature. 
The net result is to fix a lower limit to the temperature 
consistent with the practicability of the process. As 
a matter of fact it is found that, using the best 
catalysts known, the velocity of the reaction becomes 
insufficient from the technical point of view at 
temperatures below 500°. 

« ° 0 , far has been assumed that the gases are 
allowed to remain in contact with the catalyst for at 
. a tlI P e as wd l permit of the attainment- of 
equilibrium. In the technical process, however it 
is found necessary to pass the gases through the 
catalyser at a faster rate than this ; for experiments 
nave shown that, whilst the ammonia concentration 
nec^anly decreases as the rate of flow increases, 
n e .P,™3 uet of the concentration and the rate of flew, 
wu<h is a measure of the amount of anunonia nro- 
unit time, actually “rises, and to no mm':'- 
siderable extent, until a certain mardmum - 
-^us; within limits, a premium is placed unonh ranbt 
arcuktion. ■ . 

Under no circumstances, it may be obserVedflMe 
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duets have been removed, and it is for this reason 
at a continuous process has been adopted. 

7. Recognising the importance that is attached 
to the catalytic function, the Badische firm has 
made a very minute investigation into the relative 
efficiencies of various materials and the effect of 
extraneous bodies upon their activity. The results 
in these directions are of first-rate importance. 

The most favourable catalysts appear to be 
osmium 8 and uranium. 0 The former is ruled out of 
consideration for industrial application by reason of 
its rarity and costliness, whilst the latter suffers 
from the disability of being rapidly rendered inactive 
by.traces of water or air in the reaction gases. 

Judging by the most recent patents, pure iron 10 
is the catalyst generally employed in this process. 
In the interests of efficiency, it is prepared from the 

nate reduction and oxidation, by a final reduction 
at a comparatively low temperature, preferably not 
exceeding 6oo°. Of the remaining substances which 
catalyse the reaction, and they are bewilderingly 
numerous, the most interesting are molybdenum 11 
and molybdates, tungsten 12 and its alloys, and 
cerium 18 and its congeners. Platinum, on the other 
handy though related to osmium, possesses but slight 
catalytic activity. 

c & The most important feature attached to the 
of the Badische firm was the discovery 
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active. As a general rule, compounds of those 
metals which yield non-reducible oxides and* salts 
are suitable for use as promoters. All- jbe catalysts 
appear to possess the capacity for invigoration by 
this means, requiring just a trace of the^added body 
in order to develop a considerably enhanced activity. 

9. Of course, contamination with certSin sub- 
stances has to be carefully avoided. As in the case 
of the contact reactions previously considered, there 
exist bodies which, even when present in the smallest 
traces, act as poisons to the catalyst. In the present 
instance, the great trouble occasioned by them 
* necessitated a minute study of the influence of all 
possible impurities. 16 Examples of bodies acting 
deleteriously are to be found in sulphur, phosphorus, 
arsenic, and their compounds, as also such carbo- 
naceous compounds as lubricating oil, and certain 
metals of low melting-point, which can readily be 
obtained by reduction from their compounds but are 
not themselves catalysts. Such minute quantities 
of any of the above-mentioned as are to be found 
almost always in the purest commercial products and 
so-called pure gases are sufficient to diminish very 
seriously the catalytic activity. In Chapter I, 
section 15, for instance, it is mentioned that an 
impurity of % sulphur in the iron used for this 
process renders it nearly useless. 

In view of these facts, every care is taken both to 
obtain pure contact material and to free the reacting 
gfcses from all poisonous bodies. The first is a com* 
paratively easy matter, the ordinary methods of 
purification being employed. The removal of contact 
poisons from the reacting gases is a more difficult 
proceeding, particularly as economic Consideration# 
have brought about the replacement of the expensive 
electrolytic hydrogen formerly employed % the^ 
cheeper though less pure hydrogen obtained fcafif 
coalbv methods which will be referred to in Chapter# 
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Thepitrogen is most economically obtained by tow- 
temperature separation from air. In general, the 
gases are filtered and washed, and then conducted 
over various solid absorption agents ; whilst in some 
cases compjeffc innocuousness is obtained by passage 
over a fjortyon of the same material as is employed as 
catalyst # before introducti9n into the catalyser. u 

io. Two recent developments of the fiadische 
process are deserving of mention. The difficulties 
wljjich presented themselves in connection with the 
heating of the apparatus have now been overcome 
by injecting air into the gaseous mixture until the 
requisite temperature has been reached, and then so 
controlling the working conditions that the heat is 
maintained by the reaction energy. In this way the 
power requirements are reduced to a very low figure. 
Furthermore, instead of removing the ammonia by 
refrigeration, it is now absorbed by means of water 
under compression, effecting a more efficient removal 
thereby, though the gases require re-drying before 
being again introduced into the cycle. 

n. Some modifications of the Badische process, 
differing mainly in the degree of pressure employed, 
are at present attracting attention. On the one hand 
there is the process of the General Chemical Com- 
pany lfl of U.S.A., which aims at the reduction of Hie 
pressure to the neighbourhood of ioo atmospheres ; 
whilst on the other there is the French process of 
Claude 17 in which the pressure is to be forced as high 
as 2,000 atmospheres or even higher. It remains tff 
be seen, however, whether in the latter case present* 
day chemical engineering can cope with the employ* 
qpfentof such enormous pressures. At present, a 
full-size commercial unit is being erected m Frantoe; 

, I*. In considering the part which the catalyst 
pkys iti the synthesis of ammonia, it should be bofiie 
m mind that a good many of the catalysts are capable 
Of forming both hvdridf*; and nifri/Cae . 
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therefore, may be the physical influence of tfee fine- 
ness of division of the catalyst, at least some part of 
its activity must be assigned to the^ intermediate 
formation of nitride-hydride complexes. One might* 
go still further and regard a promoter &s a body which 
possesses the capacity for adjusting "the ratio in 
which the nitrogen and r hydrogen are temporarily 
combined with the catalyst to that required for the 
synthesis— a hypothesis which is supported by the 
fact that the promoters are in the main nitride- 
forming substances. A poison, on the other hand, 
may prevent access of the reacting gases to the 
catalyst by producing a film upon its surface. 

II. Ammonia-Oxidation Process. 

13. Though Kuhlmann 18 had observed in £83 9 
that ammonia could be oxidised to nitric acid in the 
presence of platinum, no commercial advantage was 
taken of the fact until 1909, when, after an elaborate 
investigation of the whole reaction by Ostwald, in 
which the practicability of the process was proved and 
tested, a large-scale plant was laid down in Germany. 
Considerable technical development of the process 
has since taken place, particularly during the war in 
thfi country of its origin, for Germany was compelled 
by the stoppage of her imports of nitrate to resort to 
ammonia as the source of nitric acid for war puflposesk 
v 14/ The process depends upon the oaagarion 
?Which ammonia undergoes when subjected to rite 
itction of heated air in the presence of 
catalysts, whereby nitric oxide is first produced 
according to equation— 

. ct % 2NH, + 50 - 2N0 + 3H.0, • 

; and this, by subsequent interaction with excess 
oxygen, forms nitjpus vapours which c 
.^mtiic acid opliftrates. 



47 

provide conditions wbldbt are more 
‘fevoui’able to the incomplete oxidation of vammoma 

vby completeoxifation, the mixture of ammon&mri 
air has to bp circulated at high speeds over a catalyst* 
the most suitable of which appears to be platinum in 
the smdbtn solid form rather than in the finely- 
divided condition. This is the first desideratum. 

The second is that, since the rate of oxidation 
with temperature rapidly increases to a maximum at 
about 750° and then falls off abruptly owing to 
decomposition of the ammonia into its constituents, 
the temperature conditions must be carefully con- 
trolled. In this connection, it might be noted that the 
reaction is a strongly exothermic one, so much so 
that the heat liberated by the reaction represented 
bv»the equation above, viz., 110,000 calories, is 
almost sufficient to maintain the catalyst at the 
reaction temperature under ordinary conditions. 
And lastly, by reason of the reversibility of the 
reaction, the oxygen should be kept in excess. This 
tones most of the conditions of the reaction. 

15. In Ostwald’s process 19 a mixture of ammonia 
and air is passed at a high speed through a tube of 
sinall cross-section containing a roll of corrugated 
platinum foil maintained at a temperature in the 
neighbourhood of 6oo°. The gaseous mixture found 
ip practice to be most advantageous 'Contains 
gmmlfy the proportions of one volume of ammonia 

ten or more volumes of air. The length of $h# 
catalyst and the speed of circulation of thegase&tto 
to^rofonged as To ^ve a time of^contact not gbtot^ 

info* owitact vflth additional air to^en^ire co^^e 
oxidation of the nitric oxide to nitrogen 
lSi ! Tll^h : --fcd:toto' nitric acid absorption towers. 

; ' The difficulty of maintaining the contact tempers^ 
tore at anything like a constant value ; with 
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gaseous speeds is overcome to some extent by heating 
the gases entering the catalytic chamber or file ait 
alone at the expense of the hot products issuing 
therefrom. Under certain conditions of .preheating* 
Mid rate of flow, external heating of the catalyst may 
be dispensed with in view of the high e^othermicity 
of r the reaction* The only 
heating then necessary is that 
required for the initiation of 
the operation. 

16. The use of a plug cata- 
lyst is now being replaced by 
that of a platinum screen or 
gauze, since it permits of 
larger size converters and is 
found to be more economical 
in the amount of platinum 
necessary per ton of nitric 
acid produced. Two or more 
gauzes, when placed in close 
proximity, are found to be 
decidedly advantageous; 
Kaiser, 20 for instance, employs 
four of these. 

Again, to allow of in- 
creased rates of flow and a 
more complete control of the 
temperature of the catalyst, 
the platinum screen or screens 
are now being electitotiy 
heated. Such a modiflcaiion 
makes for much greater simplicity, mainly by 
‘ — -- w ith the heat-interchanger former^; 


As an illustration of modem practice, the proems 
of Frank and Caro, 21 which was extensively employed , 
in Germany during the war, wall be desciib^l. , A 
diagram of the apparatus is shown m 
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pipeSdfor ammonia and air are provided with gauge 
collars, A and Irrespectively, the diameters of which 
are so selected" that the best mixture for oxidation 
is obtained, ^fter the gases have been mixed by 
means of a Wolving fan, they pass into a chamber 
C containing the electrically-heated platinum gauze 
D. The lower half of the chamber C is fitted with 
a cold-water jacket E, in order to prevent any 
decomposition of the ammonia by radiated heat 
before it reaches the catalyst ; whilst the upper part 
of the catalytic chamber, besides being lined with 
aluminium to prevent any iron oxide from falling 
on to the catalyst, is provided with a sampling-cock 
F and a glass sight G for viewing the catalyst. 

A converter of the multiple-gauze type capable 
of electrical heating has been designed by Parting- 
ton* 1 for use in making up the loss of nitrogen 
oxides in vitriol chambers (see Chapter II, section^). 

17. When platinum is employed as the catalyst— 
and, so far as is known, all the industrial plants at 
present in operation rely upon its use— the presence 
of certain compounds which poison it must be 
avoided. The presence of iron in the catalyst, for 
example, or of phosphine in the gases exerts a strong 
deleterious effect. The use, however, of ammoiya 
from ammoniacal liquor or of cyanamide ammonia 
does not call for much purification, for the catalyst 
is not affected to any appreciable extent by such 
impurities as are likely to be present. 

18. Other methods of ammonia oxidation have 
been proposed which are based upon the catalytic 
activity of certain base metals and their oxides, 
mirticmarly whpn a promoter is present. Frank and 
Card, 13 for instance, suggest the use of a mixture of 
eerie apd thoria; Bayer & Co. 84 show that it 
600-^700° burnt pyrites (iron oxide contahung 
some copper oxide) *is a good catalyst ; and the 
Badjsche Fabrik u claim that a mixture of oxides* 

C,I. 
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such as the oxide of a metal of the iron group jvith a 
small quantity of bismuth oxide/can replace the 
platinum ordinarily employed. *Maxted 28 has 
recently investigated the relative efficiencies for* 
various rates of flow of an iron catalyeft which has 
been activated by admixture with suqh pietals as 
copper, bismuth, cerium, and thorium, and his 
curves in this connection (see Fig. 6) are of consider- 
able interest. 



Fig. 6. 


The diagram also brings out the relation between 
the yield and the gas flow, and indicates that for 
any particular catalyst a certain rate of flow should 
be adopted in order to obtain the most complete 
transformation. This does not necessarily mean 
that the conditions specified woulc^ be observed# in 
actual practice, for economic considerations might 
make it advisable in this as in other cases to sacrifice 
high efficiency of conversion for greater output by 
the employment of still higher speeds. 

In the case of these non-platinum catalysts, a 



CYANAMIDE PROCESS. 51 

much* longer period of contact with the reaction 
gases appears fo be necessary. In addition, the 
amount of catdyst required detracts somewhat from 
the value <of tjie method, not because of the cost, 
but on account of the difficulties which are introduced 
as regards uniformity of gas flow and of reaction 
temperature. There is always the danger, too, of 
the sintering of the powdered catalyst at the high 
temperatures required, resulting in impermeability 
aftor short use. 

19. With all these ammonia-oxidation methods 
the energy requirements are low, rendering the 
process a very economical one. Since the same may 
be said of the ammonia-synthesis method, it might 
be predicted with a fair amount of assurance that a 
combination of the two processes will eventually 
render all other nitrogen-fixation processes obsolete, 
except perhaps in countries where water-power is 
abundant. 

20. Before leaving the subject of nitrogen- 
fixation a glance must be given at one or two of 
the processes mentioned in section 3, which have 
interest catalytically. 

III. Cyanamide Process. 

21. Under certain conditions calcium carbide will 
combine with nitrogen to produce a complex 
nitrogenous body known as calcium cyanamide. 

CaC, + Ni - CaCN* + C. 

This reaction is of great value technically, for it 
forms the basis, of a process whioh has been worked 
on a large scale in several countries for some years. 
Germany alone is stated to have a productive 
capacity of 600,000 tons per annum. 

Pure calcium carbide was shown by Moissan 17 
to be quite indifferent to nitrogen at 1,200° ; yet 
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commercial carbide will absorb nitrogen with avidity 
at this temperature, as was shown by Frank and 
Caro, 88 the originators of the process. ^The difference 
in behaviour is to be attributed to Jthe presence irf* 
commercial carbide of a small percentage of lime. 
Other substances exhibit a similar accelerating effect. 
The most useful of these appears to be calcium 
chloride, a io % addition of which lowers the reaction 
temperature to such an extent that rapid azotisation 
takes place at temperatures of from 700° upwards.* 8 

It should be observed, nevertheless, that the 
amounts of added material are so large comparatively 
as to cast doubt upon any explanation of the process 
on a catalytic basis only. 

IV. Aluminium Nitride Process. 

22. In its latest form, Serpek's process *• consists 
simply of heating a mixture of bauxite and carbon 
in a current of nitrogen under pressure to a tempera- 
ture of about 1,550* in a specially-designed electric 
furnace. The interaction takes the following 
course : — 

A1.0, + 3C + N. - 2A1N + 3C0. 

Now, alumina, when pure — say, as pure as the 

with ^carbon, so that the presence 0/ a trace^ of a 
foreign body appears to be essential to the production 
of the nitride. That is why bauxite is to be preferred 
as the starting material, because the impurities it 
contains, which are chiefly of a ferruginous nature, 
promote the interaction. Serpek * adds a trace # of 
a metal, such as iron or copper ; the Badische fiimtf* 
employ one of the oxides of certain etonent^ e^, 
silicon or titanium, which can ' themsd^talpnn 
stable nitrides. On the whole, f iron and silka eachibit 
the most active catalytic effect. Incid^albr; ft 
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mi£h^ be mentioned that ferro-aluminium is now 
bemg: used as the starting material, in which case the 
addition of a dfttle calcium carbide is found to be 
'beneficial.^ 

The reabtioh represented by the equation above 
is accelerated, too, by the presence oi hydrogen in 
the nitrogen.* 4 By combining the use of bauxite with 
the introduction of hydrogen into the gas, a more 
than cumulative effect results.** The reaction can 
theg be rendered practicable at 1,250° or thereabouts, 
provided a large excess of nitrogen be used. 

Unfortunately, there are one or two difficu lt i e s 
connected with this process which so far have mili- 
tated against its successful commercial development. 


V. Cyanide Process. 


23. The last process to be considered is one which 
possesses considerable promise, and which bids f air , 
if the mechanical difficulties can be overcome, to 
develop into a serious rival to the established syn- 
thetic ammonia and cyanamide methods of nitrogen 
fixation. 

A mixture of soda-ash and carbon in any form is 
heated in contact with a small quantity of finely- 
divided iron to a temperature of about 950°, whilsfa 
stream of nitrogen or air is passed through it. The 
part played by the iron is undoubtedly that of a 
catalyst, for otherwise the interaction, which pro- 
C£6ds according to the following equation, requires 
much higher temperatures for a smaller conversion. 
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represented above is strongly endothermic, th$ com- 
bustion of the three molecules of o&rbon monoxide 
to carbon dioxide can be made t<Syield 200,000 
calories, so that the total process is an exothermic 
one. 

The reaction is by no means new* and many 
attempts had previously been made to establish it 
on a works basis. Their failure is attributed by 
Bucher , 86 to whom much of the recent investigation 
of the method is due, to the omission of iron, which 
appears to be the only suitable technical catalyst 
when alkali carbonates are employed. The process 
is said to be a very advantageous one from the point 
of view of simplicity of plant, low energy require- 
ments, and the capacity for employing nitrogen- 
containing gases instead of pure nitrogen. 
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CHAPTER V. 


Surface Combustion, Incandescent Gas Mantles, 
Hydrogen Manufacture, Coal Gas Purification. 

I. Surface Combustion. 

1. Every student of chemistry is acquainted with 
the fact that a warm platinum wire, suspended in a 
non-explosive mixture of coal-gas and air, continues 
to glow until all the oxygen has disappeared. Davy 1 
discovered this in 1817. A little later, Dulong and 
Th&iard 8 showed that all solids— and not only the 
members of the platinum group, as Davy thought— 
possess the power of promoting combustion at tem- 
peratures below the ignition-point, the influence vary- 
ing with the specific character and the fineness of 
division of the solid concerned. This and related dis- 
coveries were of prime importance ; yet until recently 
their only practical application has been the well- 
known Dobereiner lamp, or in its modern modifica- 
tkm, the automatic gas-lighter. 

2. The problem of “ surface combustion/ 1 as the 
phenomenon has come to be called, has been fully 
investigated of late years by Bone and his collabora- 
tors. As the result of their researches, which date 
from 1002, the following facts have now been estab- 
lished 

(1) All incandescent surfaces are capable at 
accelerating gaseous combustion; and very; 
probably to an equal degree, for the dineren^ • 
Between the catalytic powers of various surfaces 
gradually diminish as the * temperature ri*s* 
until at incandescence they practically areappi jjBS" 
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% It might be noticed, in passing, that this latter 
conclusion is borne out by Knietsch’s experiments, 
referred to^n Chapter II, section 8. Thus, from 
F k will be seen that at 850° there is little 

different? between the catalytic powers Of 
platinunj, pyrites cinders, or broken porcelain in 
sulphhric anhydride formation. 

(2) The combustion takes place hetero- 
geneously, that is to say, only in layers imme- 
diately in contact with the incandescent surface, 
and not homogeneously, or equally throughout 
the system. 

(3) The catalytic process depends primarily 
upon condensation or absorption of one or other, 
or possibly both, of the reacting gases by the sur- 
face, whereby the gases are rendered “ active/* 
probably by ionisation. 

(4) The incandescent surface becomes strongly 
negatively electrified during the combustion. 

3. The first of these observations is utilised in the 

' Surface Combustion ” process now to be described. 

In this process, an explosive mixture of a com- 
bustible gas and air is brought into contact with a 
refractory solid placed in proximity to the body to be 
heated. The mixture should be m the proportions 
for complete combustion, or with air in slight excels, 
and must necessarily be injected on to, or forced 
through, the solid at a velocity greater than the speed 
ci ijgnition of the mixture. On now igniting the 
issuing gases, the surface of the solid rapidly becomes 
incandescent, and the mixture continues to burn 
there without the formation of flame, but with the 
envelopment of a large amount ojf radiant heat, 

To make clSar the modus operand*, two forms of 
apparatus, corresponding to the two fundamental 
types, 431 be described. 

4; The first, shown diagrammatically in Fig. 7 

and known as the “ Diaphragm ” adaptation,* com- 

, <» •. * ; • 
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prises a diaphragm A of porous refractory material, 
through which the gaseous combustible mixture is 
forced under slight pressure from the chamber B. 
Soon after ignition of the gases on the exkf face, the 
surface layer attains incandescence, and/oy suitably 
adjusting the quantity of entering gases^ the incan- 
descence can be maintained there without any 
unbumt gases escaping whatsoever. This form finds 
application for domestic heating, 4 and also for the 
concentration and evaporation of solutions, in which 
latter case the apparatus is 
inverted over the concentrating 
pan. 

The degree of porosity is 
sufficient in all cases to relegate 
the question of back-firing be- 
yond the need for considera- 
tion. The fineness or coarse- 
ness is determined, of course, 
by the quality and pressure of 
the combustible mixture em- 
ployed. Temperatures of 800 
— 900° (using coal gas) can 
readily be obtained by this 
means. 

5. In the second and more 
important form of the apparatus, known as the 
11 Granular Bed,” 5 the diaphragm is replaced by 
a number of refractory granules, and it is then 
on the surface of each of the granules that incan- 
descence occurs, making the whole bed a white- 
hot mass. In Fig. 8 is shown a muffle furnace 
C surrounded by Jumps of refractory material 
to which the combustible mixturS in combining 
proportions is supplied by the pipe E, at a velocity 
in excess of the speed of inflammation of the ftiixture. 
Bv this means, high temperatures are easily attained. 
The maximum naturally depends upon the working 
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conditions, b.ut in such a furnace as just described, 
temperatures irnthe neighbourhood of 1,400° or 1,500° 
become available. 

The choice of refractory material is determined 
by the temperatures demanded. In the ordinary 
course a mynber of substances are at one's disposal, 
vis., caliined fireclay, ganister, etc. ; but when very 
high temperatures are in question, the choice is 



Fig. 8. 


limited to the use of either calcined magnesia 01* 
carborundum. 

The second method has been utilised in a number 
of industrial applications. For instance, the refrac- 
tory material may function as a hearth or furnace, 6 
or it may be packed into tubes which are immersed 
in wafer for steam-raising purposes (multitubular 
boiler), 7 or in metals or alloys which it is required to 
melt. 8 
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6. The advantages of the process are maiyfold. 
In the first place, it is adapted for thoemployment of 
a large vanety of combustible gases-^-bW-fumace 
gas, producer gas, water gas, coke-oven gasf coal gas, 
etc. Or, instead of using a combustible/gas, a suit- 
able mixture of atomised liquid fuel and c air may be 
employed. 9 Furthermore, the process appedrs to be 
remarkable for its efficiency ; in the case of tests with 
a gas-fired multitubular boiler, for instance, efficiencies 
of from 90 to 95 % have been recorded. The process 
is one of great flexibility, too, since the temperature 
can be almost instantly varied by altering the rate 
of feed of the gaseous mixture. 

Incidentally, it might be mentioned that present- 
day power production is inclining more and more 
towards the substitution of gaseous or vapour fuel 
for the solid variety. There is also a tendency 
towards the extraction of a greater proportion of the 
by-products of coal distillation than before by a low- 
temperature carbonisation of the raw coal. And as 
this means that the gases obtained will be of low 
grade, the importance of a process like the present 
which can use such gases becomes apparent. 

7. With regard to the mechanism of the process, 
the fundamental fact that the surface acts as a cata- 
lyst cannot be gainsaid, nor yet the general manner 
in which the surface acts. In the course of the 
Faraday-de la Rive controversy (1834—5), the rival 
theories were fiercely debated, de la Rive maintaining 
ithat surface combustion consists essentially of a 
series of rapidly alternating oxidations and reduc- 
tions of the catalyst, whilst Faraday strongly upheld 
the view that the function of the solid is to condense 
the reacting gases upon the surface* thereby pro- 
ducing in the surface layer a condition comparr 
able with that of high pressure. Bone's ‘results 
amply prove the correctness oi Faraday's physical 
explanation. 
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Attempts to probe deeper than this have not yet 
resulted in anything very definite. It is known, 
nevertheless, that incandescent surfaces emit streams 
of electro^ travelling at high velocities: and the 
action of hot surfaces in promoting combustion may 
ultimately Jbe found to depend upon the formation 
of layers of electrified gas, in which the chemical 
changes proceed with extraordinarily high velocity 
under the influence of the corpuscular discharge. 
Excellent support for this view is found in the fact 
already mentioned that the catalyst becomes nega- 
tively charged during the combustion process. 

II. Incandescent Gas Mantles. 

8. From the standpoint of surface catalysis, the 
subject of gas mantles possesses at least one feature 
of sufficient interest to make it worthy of mention 
here. 

Soon after Welsbach 10 began his epoch-making 
investigations upon the luminous properties of the 
rare-earth oxides, he came to the conclusion that, of 
them all, thoria 11 appears to be the most satisfactory 
as an emitter of light. But he also made the curious 
observation that the more the thoria was purified, 
the less the light obtained from it. Attempts* to 
account for this led, in 1892, to the discovery of the 
power exercised by a trace of ceria in augmenting 
the emissivity of thoria, 12 and to the consequent 
adoption as a basis for the gas mantle associated 
with his name of a mixture of 99% thoria and 1% 
certa^a mixture which numerous later attempts 
hava failed to improve upon, though other oxygen 
Cartiers such as chromium oxide w have been pro- 
posed; 

' Tbl added component is known as an" excitant." 
Shift thoria gives a relatively poor Sjfbfc but [the 
Continuous addition of ceria gradually increases tie 
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f 

luminosity to a maximum of tenfold when 1 % is 
present, any further addition then 'diminishing the 
luminosity until, with 10%, the difference m effect is 
inappreciable. In present-day manufacture, the 
web of ramie fibre or artificial silk is impregnated 
with a 25 — 33% aqueous solution of tfcoijum and 
cerium nitrates in the proportion of 99 : 1, to which 
a little hardening medium, usually beryllium nitrate, 
has been added. 

9. The beneficial action of the ceria can*be 
ascribed pretty definitely to its catalytic function in 
promoting the combustion of coal gas. As for the 
reason for its assistance, the power which many 
catalysts possess of existing in two or more states of 
oxidation applies to cerium, and the activity of ceria 
may perhaps be attributed to this. 

III. Hydrogen Manufacture. 

10. Hydrogen is now in such demand, especially 
for the hydrogenation of oils and the synthesis of 
ammonia, that the problem of its industrial prepara- 
tion has attracted a very considerable amount of 
investigation. 

11. Of the many methods which have been sug- 
gested, at least four have assumed commercial 
importance, viz. : — 

(1) The electrolysis of water or some suitable 

electrolyte. 

(2) The liquefaction of water gas and the separa- 

tion of hydrogen from its constituents by 

fractionation (Linde-Frank-Caro process). 

(3) The interaction of water gas apd steam in the 

presence of a catalyst (Badische process). 

(4) The alternate action of steam ana wjter gas 

upon iron (Messerschmidt process). 

12. As regards the above ^processes, only the 
third is catalytic. It is based upon the well-kgown 



HYDROGEN MANUFACTURE. 63 

fact that water and carbon monoxide will interact at 
elevated temperatures and in the presence of a 
catalyst to produce hydrogen and carbon dioxide, 
according'to the equation 

HjO + CO ^ H, + CO, + 9,000 cals. 

As is indicated, the reaction is both reversible and 
exothermic, from which it follows that it is desirable 
both to keep the temperature low and to use a large 
excess of steam. So far as the evolution of heat is 
concerned, however, it is not found to be quite 
enough to maintain the gases at the reaction tem- 
perature and to cover the normal heat losses in the 
apparatus. 

13. The Badische firm have carefully investigated 
the reaction with a view to the preparation of pure 
hydrogen from industrial gases, such as water gas 
or coke-oven gas, which contain a large proportion of 
carbon monoxide. Iron 14 or its oxide 15 was found 
to be the most advantageous catalyst, though other 
metals of the iron group 16 are stated to possess 
similar, if less marked, properties. Moreover, the 
activity of the catalyst could be enhanced to a very 
considerable extent by the addition of a promoter/ 7 
such as the oxygen compounds of chromium, thorium, 
uranium, beryllium, or antimony. Metallic couples/ 8 
particularly an iron-copper couple, have recently 
been suggested as catalysts in this connection. 

The contact bodies just mentioned are not at all 
sensitive to impurities in the gases, provided, oF 
course, that the amount be small, and it is only in 
some cases that the presence of sulphur, chlorine, 
phosphorus, or arsenic compounds has to be excluded. 
Crude water gas may therefore be employed, the only 
preliminary purification necessary being the removal 
of flue dust. 

, 14. In carrying 4 he reaction into practice— and 
the Badische firm manufacture the hydrogen for 
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their synthetic ammonia process in this vfey — a 
mixture of water gas containing excess of steam is 
passed at atmospheric pressure through a mass of 
iron oxide activated by the presence or chromium 
and thorium oxides, maintained at a temperature 
of 400—600°. External heating is quite*unjiecessaiy 
if a heat-interchanger be employed and oxygen or air 
be injected into the mixture, 19 for the heat of combus- 
tion of this oxygen with a part 
of the hydrogen present then 
provides the adaitional heat 
necessary for carrying on the 
process continuously. The car- 
c bon dioxide produced is re- 
moved in any convenient 
manner— for example, by com- 
pression on to water. The 
traces of carbon monoxide which 
contaminate the resulting hy- 
drogen are found to have an 
injurious effect upon catalytic 
processes, and they have there- 
fore to be eliminated either by 
interaction with calcium car- 
bide, or with alkalies at elevated 
temperatures, or by passage 
through ammoniacal cuprous 
chloride. ' , 

15. As the apparatus is of a type very useful in 
gaseous catalytic processes, a diagrammatic repre* 
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be seen to comprise a converter or generator, which is 
so arranged as to combine the functions of catalysing 
chamber and heat-interchanger Or regenerator, The 
mixture of water gas, steam and air in the je^ftisite 
proportions en ters the generator C^ b y^the^npe ‘ A» 

by contact with t^e tubes I^ihrough which ^ hri* 
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products of the reaction are flowing. After the 
reaction has bedh effected, the hot products flow back 
through ^he pipes F, parting thereby with their heat 
to the incbmirig gases, and issue from the generator 
by the pipe B. The temperature of the catalytic 
material is controlled by regulating the speed of the 
ingoing gases. 

16, There are still one or two methods for hydro- 
gen production which merit attention, for though 
th^y are not absolutely dependent upon the use of 
catalysts, the operation in each case is facilitated by 
their presence. 

In one, 20 which invokes the aid of a catalyst 
to assist in the ordinary decomposition of hydro- 
carbons into their elements by heat, a mixture of 
hydrocarbon and steam is passed over a catalyst, 
such as nickel or its oxide suitably supported, 
at a temperature of 800— -1,000°. On freeing 
the resulting gaseous mixture from carbon mon- 
oxide and dioxide, substantially pure hydrogen is 
obtained. 

Another, known as the Bergius process, depends 
upon the behaviour of water when in contact with 
iron at a pressure sufficient to keep the water in the 
liquid state at a temperature above the boiling-point, 
say at 200 — 300. 0 Under these conditions, the watdt 
functions as an acid ; its oxygen combines with the 
iron, leaving hydrogen in the pure state and at a 
sufficiently high pressure (up to 300 atmospheres) 
to permit of the gas being directly filled into cylinders 
without previous compression. The reaction is 
accelerated by the presence of certain salts, 21 such 
&$< sodium chloride and ferrous chloride, or of 
a metal, such a& copper. If the iron be replaced 
by carbon, 2 * the resulting hydrogen is mixed with 

S m Uioxide, which requires to be removed, 
hum chloride is<stated to act catadytically in 

tim- " 
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IV. Purification of Coaj, Gas. 

17. Elimination of Sulphuretted Hydrogen. — The 
removal of the injurious hydrogen sulphide from 
coal gas, which the law demands, is generally effected 
by passing the gas through moistened absorbent 
materials, chief among which are lime, ferric oxide, 
and manganese dioxide. Sulphides are produced, 
which, in the case of the two latter materials, 
regenerate the original substance on exposure to tfie 
air, thereby permitting of repeated use of these 
absorbents. Such a process cannot, of course, be 
regarded as catalytic (see Chapter I, section 22). 

In a development, however, the iron and man- 
ganese oxides are made to function catalytically. 
This is brought about by admitting a sufficient quan- 
tity of air into the gas to be purified to revivify the 
spent oxide in situ 23 and has the advantage of 
enabling the purifiers to be worked much longer 
without recharging. The process, in fact, is then the 
same as that in the Claus kiln, described in Chapter III, 
except, of course, for the temperature conditions, 
which must be so regulated as to prevent the forma- 
tion of any sulphur dioxide. 

18. Elimination of Carbon Bisulphide. — The sul- 
phur compounds remaining in coal gas after the 
withdrawal of sulphuretted hydrogen consist mainly 
of carbon bisulphide. One of the processes for its 
removal — the Carpenter-Evans process consists 
in heating the gas to 430° and then passing it through 
chambers containing fireclay balls impregnated with 
nicM reduced from the chloride. The carbon 
biMphide reacts with the hydrogen* of the coal gas 
tq|||bduce sulphuretted hydrogen, 

CSt + 2Hi **» 2H|S + C, 
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passage through iron oxide in the usual manner. The 
catalyst ^can be regenerated at monthly intervals 
by passing air through the chamber in order to bum 
out the carbon deposited upon the balls. 

Although sulphuretted hydrogen is produced by 
the reaction it is essential to remove this impurity 
from the gas before treatment to prevent deteriora- 
tion of the catalyst. Incidentally, the absence of 
any poisoning effect from the carbon bisulphide 
it&lf is rather a remarkable feature. 
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CHAPTER VI, 
Hydrogenation. 


*i. The reduction of organic compounds by the 
old stock methods was always a tedious process. It 
is possible, however, to effect reduction in a simple 
straightforward manner by a method known as 
hydrogenation, i.e., by direct treatment with hydro- 
gen of the substance to be reduced. 

The inception of this method is to be attributed 
to the researches of Sabatier and his collaborators, 
beginning in 1897, upon the capacity of certain metals 
when in the finely-divided state for inducing a 
remarkable “ activation ** of hydrogen. By the aid 
of a metallic catalyst of this sort, they found that 
the union of unsaturated compounds with gaseous 
hydrogen or the direct replacement of an element 
in a saturated compound with hydrogen could 
readily be effected in a manner which permits of 
great regulation and adaptation. The method his 
been employed by Sabatier and his co-workers, 
Senderens, Mailhe, and others, for the preparation 
of a whole host of substances hitherto either unknown 
or else very difficult to obtain by other means; and 
in several- instances the laboratory process has been 
promoted to the industrial stage with conspicuous 
success, # 

In Sabatier's method the substance to be hydro- 
genated is invariably treated when in the vaporous 
state ; out other methods — associated witnfthe 
names of Paal, Skit®, Willstatter, and Ipatiew— 
have si£ce been introduced in which the same prin- 
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ciple is applied to the treatment of liquid material. 
In the following pages, each of thege methods will 
be considered. 

(i) Catalytic Hydrogenation in the Vapour 
State. 

2. The principle of Sabatier’s method 1 is a 
simple one. The vapour of the substance to be re- 
duced is mixed with hydrogen and passed over 
specific metallic catalysts maintained at tempera- 
tures situated usually between 150° and 200°. 
Complete hydrogenation takes place during the short 
time that the mixture is passing over the catalyst. 
Rapidity, however, is not the only advantage, for 
the method furnishes excellent yields with the 
minimum of attention. 

3. The metals which are suitable as catalysts 
are nickel, cobalt, platinum, iron, and copper, of 
which nickel is far and away the most active, the 
others being arranged in the order of diminishing 
activity. As would be expected, the practicability 
of the method depends largely upon the condition 
in which the metal is used. It must be prepared by 
reduction of the oxide at a pre-determined tempera- 
toe, and preferably in the same vessel in which the 
subsequent hydrogenation is to take place. Reduc- 
tion at a low temperature is found to yield a catalyst 
which is too active and too sensitive to external 
influences, whereas reduction at a high temperature 
reduces the catalytic power almost to zero. Conse- 
quently a suitable intermediate temperature must 
be chosen. Sabatier finds that the best nickel for 
the purpose is produced by dissolving the metal ill 
nitric acid, calcining the nitrate at a dull red heat, 
and then reducing the oxide slowly at a temperature 
of about 300— 325 0 , until wat^r is no longer given 
off. After the nickel has been prepared as described, 
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it is\ecessary to keep it out of contact with the air, 
for it is extremely pyrophoric and quickly loses its 
activity pn exposure. 

4. As in the case of the catalysts previously 
considered, the activity is much enhanced by the 
addition of promoters. 2 The JBadische firm, to 
whom the merit of the discovery must be ascribed, 
employ in particular in this connection the oxide 
or an oxygen salt of an earth metal, or of beryllium, 
magnesium, manganese, uranium, vanadium, etc., 
as well as the phosphates, molybdates, and tungstates 
of the alkaline earths. 

Weight for weight, too, the efficiency of pure 
nickel is not so great as that which has had its 
active surface increased by the aid of some suitable 
supporting material such as pumice, kieselguhr, or 
charcoal. 

5. There are two conditions for the conductance 
of the process, the rigorous observance of which is 
indispensable to success. In the first place, the 
materials used, whether hydrogen, metal or organic 
compound, must be as pure as can be obtained, since 
any impurity is readily absorbed by the catalyst to 
the detriment of its activity. Sulphur and its 
volatile compounds, as well as the halogens, are 
particularly to be avoided in this respect, as also, 
though to a lesser degree, arsenic and phosphorus 
with their volatile compounds. Electrolytic hydro- 
gen, or hydfogen of equivalent purity, appears to 
be essential. Even then the catalyst must succumbw 
sooner or later to the toxic effects of minute impuri- 
ties impossible to remove, and in consequence, the 
^desirability of frequent renewal needs emphasis. 

f urthermote, it must be clearly recognised that a 
particular hydrogenation will only take place within 
pre-determined limits of temperature, and that any 
excursion outside qf these limits must necessarily 
result in the contamination of the final product with 
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undesired subsidiary (products. The more dii^cult 
the reduction, the narrower is the rafige of tempera- 
ture, and vice versd. The reduction of. ethylene 
bonds, for instance, being easily effected, is possible 
within a comparatively wide temperature interval ; 
whereas aromatic rings in general require careful 
temperature adjustment. 

6. In its elementary aspect, the apparatus 
employed by Sabatier is shown in Fig. io. The 
industrial modifications, of course, vary with the 
nature of the process, but the principle of the arrange- 



ment will be evident from a consideration of this 
laboratory apparatus. The tube B' containing the 
reduced metal is heated in a furnace or oil-bath or 
preferably by an electrical resistance/ 5 the latter 
rbe ing employed where uniformity of temperature is 
essential. Pure hydrogen is introduced at C, and 
sweeps in some of the organic compound, con- 
veniently represented as liquid and passing in from A ;* 
if the compound be solid, it is melted in adistilling; 
bulb and the hydrogen bubbled through, Contact 
with the reduced metal, usually nickel, effects the 
reduction, and the products are condensed in D . In 
every case, it should be noted, the substance under 
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treatment, as also the transformation product, must 
be kept in the state of vapour. 

7. Having thus briefly outlined the method and 
the conditions essential to success, attention will 
now be directed to some of the important results 
obtained by its aid. A cursory glance only can be 
* attempted There, for it must be remembered that, 
whereas but a few examples can be instanced, in 
reality they are legion. 

% 8. To begin with, fatty and aromatic nitro-bodies 
are found to yield the corresponding amine. A prac- 
tical example of this is the manufacture of aniline,* 
for by this method the reduction of nitro-benzene 
can be easily realised in a continuous way. Copper, 
however, is preferable to nickel as the catalyst, 
because it never brings about the further hydrogena- 
tion of the aniline produced. Moreover, copper not 
being so sensitive as nickel to disturbing factors, 
water gas or even purified coal gas maybe substituted 
for pure hydrogen. The activity of the copper may 
be promoted by the addition of alkaline compounds 
or metallic oxides. 6 It might be mentioned in this 
connection that in the ordinary process for the manu- 
facture of aniline by the reduction of nitro-benzene, 
using iron and hydrochloric or acetic acid, the iron 
functions in the manner of a catalyst, for only 5% 
of the acid theoretically necessary is really employed. 

Again, ketones of both series are readily hydro- 
genated. Acetone, for instance, is converted into 
isopropyl alcohol with an efficiency which compares - 
very favourably with that which results from the use 
of sodium amalgam. 

■*/ Aldehydes can be made to yield the correspond- 
ing. alcohol. Of practical value in this connection is 
the production of ethyl alcohol by the hydrogenation 
of acetaldehyde, a reaction which is dealt with im 
greater detail in Chapter VIII, section r; 

t Air interesting case is that of the monoride and 
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dioxide of carbon. From the former, formaldehyde 
and the commercially important methyl alcohol 
might be expected, whereas in both cases only 
methane is produced. This reaction has been 
utilised to advantage in a process® which aims at 
increasing the calorific value of water gas £y elimina- 
ting the carbon monoxide constituent, and consists 
in passing the gas over reduced nickel at 350— 400°. 
By means of this reaction the residual coke of gas- 
works may ultimately be utilised for the manufactiyre 
of lighting gas. 7 By working under pressure and 
employing gaseous mixtures of carbon monoxide and 
« hydrogen in which the percentage of hydrogen is 
comparatively small, liquid hydrocarbons both 
saturated and unsaturated arc stated to be produced, 
together with a certain amount of alcohols, ketones, 
and acids. 8 

9. The above reactions involve the substitution 
of hydrogen for oxygen in the organic compound. 
An equally important class of substances, however, 
fix their hydrogen by addition. This class naturally 
comprises most of the unsaturated compounds, double 
and triple link, of both the fatty and aromatic series. 

In the case of simple fatty substances, the addition 
of hydrogen is readily effected, the triple bond more 
s& than the double, and copper is quite good enough 
as the catalyst. 

The application of the method to compounds 
containing the aromatic nucleus is extremely wide, 
and includes some of the most important reactions 
it is able to accomplish. Carefully-reduced nickel is 
essential here, as well as delicate regulation of the 
temperature. Undqr these circumstances sueh classes 
of compounds as the hydrocarbons, the phenols, the 
aromatic amines and acids can be hydrogenised to 
the corresponding compounds of the cyclohexane 
series. In fact, the method comprises the principal 
one known for the preparation of saturated^ cyclic 
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compounds of this type. Thus, to take sofne simple 
exambles, benzene yields cyclohexane, phenol gives 
cyclohex|uiol, and aniline a mixture of cyclohexy- 
lamine, dicyclohexylamine and cyclohexylaniline. 
As regards cyclohexane (hexahydrobenzene), this 
substance has recently been shown to possess possi- 
bilities in the direction of its utilisation as a motor 
fuel. 

Naphthalene takes both four and ten, and anthra- 
cene four, eight, twelve, and fourteen, atoms of 
hydrogen, according to the temperature employed. 
These latter examples illustrate one of the most 
important- developments of the method, viz., the 
possibility it affords, by reason of the varying 
activity of the available metals and the temperature 
limits at one's disposal, of tracing a reaction step by 
step — a process which adds considerably to our 
knowledge of the constitution of the bodies under 
treatment. In this manner, the method has been of 
the greatest service in determining the constitution 
of some of the members of the terpene and other 
series. 

Of practical importance is the preparation of 
numerous artificial perfumes by the aid of this 
reaction. In addition, it permits of the production 
of cyclohexanol and ^-methylcyclohexanol 9 (easily 
obtained from phenol and ^-cresol respectively), 
which are used in the manufacture of isoprene and 
butadiene ; and the method therefore may be destined 
to play an important part in the commercial syn- 
thesis of rubber— a problem which is at present 
occupying the attention of so many workers (see 
Chapter IX, sections 13 and 14]. 

* to. The mechanism of these remarkable catalytic 
reactions can be explained in several ways. It may 
be that the passage of the hydrogen over the finely- 
divided metal induces its decomposition into the 
atomic or " nascent ” state, or that the temporary 
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occlusion of the hydrogen upon the surface of tne 
catalyst favours its interaction with the reducible 
body. The explanation put forward by 'Sabatier 
himself presupposes the formation of an intermediate 
unstable hydride upon the surface of the metallic 
catalyst, this hydride being capable of r furnishing 
its hydrogen rapidly and in a suitable state to a 
substance which is able to utilise it. There might 
even be a series of hydrides formed, in which case 
the varying activity of the different metallic catalyses 
would find an explanation on the basis that the most 
powerful catalyst would be that capable of forming 
• the greatest number of hydrides. Seeing that it was 
this idea which led him to initiate his prolific re- 
searches and has served as a guide throughout, the 
theory is worthy of consideration ; but the existence 
of such compounds as the theory postulates will have 
to be demonstrated in some independent way, never- 
theless, before the uncertainty surrounding this 
explanation is removed. 

(2) Catalytic Hydrogenation in the Liquid 
State, 

(a) Use of Finely-divided Metals at Ordinary 
c Temperatures. 

11. Since the beginning of the nineteenth century 
it has been known that finely-divided platinum ana 
palladium possess the property of occludiiig gases, 
particularly hydrogen, upon their surface. In the 
case of palladium, indeed, the effect is so marked 
that until recent years it was thought that one or 
more compounds was produced by union with the° 
hydrogen. Instances arc to be founcl in chemical 
literature in which this property has been -taken 
advantage of for reduction purposes. 

12. Comparatively recently ca revival of the 
method has taken place, initiated primarily by 
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wbobas proposed to utilise the still further increased 
area which obtains in a colloid. Colloidal solutions of 
platinum, palladium, osmium and iridium*— of which 
the palladium hydrosol appears to possess the greatest 
value— were prepared by the action of some reducing 
agent, suet as sodium protalbinate or lysalbinate, 
and later hydrazine, upon a solution of a salt of the 
respective metal. Large yields of the hydrogenation 
product were obtained by simply passing at the 
ordinary temperature a current of hydrogen through 
an agitated solution of the substance to be hydro- 
genated to which a little palladium hydrosol had 
been added. 

In these reactions, however, the palladium 
hydrosol is converted into the inactive gel form by 
the procedure necessary for the isolation of the pro- 
ducts, a factor which has rendered the process a 
costly one on account of the high price of colloidal 
palladium. The difficulty can be surmounted by 
precipitating the finely-divided metal upon inert 
substances devoid of anti-catalytic action, e.g., 
powdered nickel, magnesium, chalk, or kieselguhr. 11 

13. Skita has modified the method by using 
palladous chloride and gum arabic instead of colloidal 
palladium. 12 He also shows that the hydrogenation 
takes place more quickly and completely if the 
pressure of the hydrogen be somewhat increased. 
Later, the use of a protective colloid has been dis- 
pensed with.* 

14. The use at ordinary temperatures of platinum 
which is in the finely-divided state of the so-called 
“black” and not in the colloidal state at all, has 
been, demonstrated by Willstatier. 14 The method 
is capable of very extended application, for it is only 
necessary to dissolve the substance in some suitable 
solvent (if it is not itself a liquid) , add a little platinum: 
black, and pass hydrogen in whilst the liquid is under 
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r 

15. The results by this method in its various 
modifications are comparable with those produced 
by the Sabatier process. The application, nowever, 
is not so general ; for instance, by this method the 
benzene nucleus cannot be reduced. On the other 
hand, it can be applied to the reduction of com- 
pounds which are not sufficiently volatile, or are too 
easily decomposed, to be subjected to the Sabatier 
treatment. An example of this is the reduction of 
oleic to stearic acid at ordinary temperatures, afld 
of vegetable oils to hard brittle products — an indus- 
trial process to be considered later in this chapter. 
Of course, the rapidity is nothing like so great as in 
the vapour process. 

Two applications of the method are deserving 
of mention. The first is the hydrogenation of 
alkaloids , 15 whereby products are obtained which 
often possess more valuable medical properties than 
those of the parent substances. Morphine, brucine, 
strychnine, quinine, etc., yield their dihydro deriva- 
tives by treatment with hydrogen in the presence of 
a colloidal or finely-divided metal of the platinum 
group. The second application is that of the pro- 
duction of the leuco derivatives of the vat dyes , 16 
e.g., of indigo white from indigo blue by this simple 
process, avoiding thereby contamination with the 
reducing agents employed in the older vats. 

(b) Use of Finely-divided Metals al Medium 
Temperatures. 

16. A general method for the preparation of 
aldehydes 17 by the direct reduction of acid chlorides 
is worthy of mention in this connection. By passing* 
hydrogen through a boiling solution of the acia 
chloride in a hydrocarbon solvent in the presence of 
a datalvst until the escaping gas no longer contains 
hydrochloric acid, almost theoretical yields of the 
corresponding aldehyde can be obtained. Thameces- 
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sity for using a boiling solution is rather a surprising 
feature, for it vtould have been expected that a low 
temperature would be desirable in order to prevent 
further .reduction to the alcohol. Palladinised barium 
sulphate and finely-divided nickel prove good cata- 
lysts for 4he reaction. By this means benzoyl, 
butyryl, and stearyl chlorides have been converted 
into the corresponding aldehydes ; whilst the method 
has also been applied technically to the manufacture 
ot vanillin. 18 

(c) Use of Metallic Oxides at High Temperatures 
and Pressures. 

17. Briefly stated, this method of hydrogenation, 19 
associated with the name of Ipatiew, consists in 
bringing hydrogen at a pressure of at least 100 
atmospheres into contact with the substance to be 
reduced in the presence of nickel oxide or other 
suitable oxide heated to temperatures above 250° 
in a specially-constructed steel tube. Iron and 
copper oxides display a similar catalytic activity. 

It is unnecessary to mention any of the many 
accomplishments of the method, for it possesses no 
advantage over the preceding methods except in its 
application to the reduction of compounds which 
demand a high compression of hydrogen. Natural#, 
the danger attendant upon the process is a bar to 
its industrial development. 

Hydrogenation of Oils. 

18. Undoubtedly the most important application 
of the process of hydrogenation, t and one which has 
ntade wonderful strides within recent years, is that, 
which relates to the conversion of liquid vegetable 
oils, a cheap raw material, into the higher-priced 
solid varieties. 

The preponderating constituent of most liquid 
its is idem, the triglyceride of oleic acid ; whereas 
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solid fats are composed largely of stearin or pahfeitin, 
the triglycerides of stearic and palmitic adds respec- 
tively. Oleic acid itself is a liquid : stearic and 
palmitic acids, on the contrary, being solids. A 
glance at the constitution of these acids reveals the 
important fact that the liquid acid is ^saturated, 
whilst the solid palmitic and stearic acids, the latter 
otherwise corresponding to oleic acid, are saturated 
bodies. The direct addition of hydrogen, therefore, 
should bring about the conversion of oleic acid into 
stearic acid, and the same applies of course to the 
glycerides of oleic and other unsaturated acids which 
shouldbe transformed into the glycerides of the corre- 
sponding saturated acids. In other words, a liquid 
oil should be “ hardened " by a process of hydro- 
genation. With the introduction of Sabatier's 
method so simple a solution of the problem first came 
within the bounds of possibility. 

Previous processes of a chemical or electrical 
kind had not met with much industrial success. The 
only one which had proved of any value involved the 
treatment of oleic acid with strong sulphuric acid and 
the subsequent separation by distillation of the 
resulting oxystearic and other solid acids. 

It was not long after the publication of the classic 
c&l researches of Sabatier and his co-workers that 
patents were taken out by Normann 20 in England, 
and by Leprince and Siveke 21 in Germany, for pro- 
cesses based upon their principle. (It c is interesting 
to note, however, that the former patent, so widely 
known by reason of its alleged fundamental character, 
was declared invalid in 1913 22 ). In these patents 
than was disclosed ior the first time the possibility 
of the catalytic hydrogenation of substances in the 
liquid condition. From the technical standpoint, 
this discovery constituted a notable adyancS, for it 
permitted of the application of Sabatier's hydros 
genation method, with its cleanliness and itsj>erfect 
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control, to the treatment of substances, particularly 
oils, which caflnot be vaporised without decom- 
position. 0 Oil hydrogenation, as we have already 
seen, offered great commercial possibilities : and 
the above-mentioned discovery has led tb their 
realisation^ 

19. Surveyed broadly, the methods now avail- 
able for oil hardening can be classified under two 
main types 

n (1) The “ batch ” methods of Normann, 20 Wil- 
buschewitsch, 23 Testrup, 24 Kayser, 25 and 
others, in which hydrogen is bubbled through 
a mass of the oil charged with catalyst, or 
the mixture of oil and catalyst is sprayed 
in the presence of hydrogen, until the 
hardening has reached the aesired stage. 

(2) “ Continuous ” methods, as exemplified by 
the processes of Bedford, 26 and Ellis, 27 in 
which the oil, usually in the form of spray, 
is conducted along with hydrogen through 
or over the catalyst in a continuous manner. 
In all cases, the effect desired is that of obtaining as 
intimate- a contact as possible between the solid 
catalyst, the liquid oil, and the gaseous hydrogen. 

20. The two essentials of the process are concerned 
with the production of an active catalyst and tile 
problem of a cheap hydrogen supply. 

21. With regard to the former, some kind of 
nickel is usually employed, because of its low cost and 
high efficiency. It may be in the form of powder or 
of extremely thin films or plates, 28 and may con- 
veniently be supported upon some inert material, 29 
preferably pulverulent, such as pumice or kieselguhr. 
The care invoked in the preparation of the nickel 
catalysj has already been emphasised in connection 
with the work of Sabatier. As in that method, tile 
mb$t sensitive catalysts are obtained by reduction 
ofthe$tide at a low temperature, and when prepared, 
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access of air must be denied to them on account of 
their pyrophoric properties. 

Other metals, notably platinum, cobalt, copper, 
and iron, can function as catalysts, though to a less 
degree'* than nickel. The rare-earth metals also 
furnish quite a number of useful catalysts, the most 
noteworthy being palladium. 11 In this connection, 
attention has already been directed to the Work of 
Paal, Skita, and Willstatter (see sections n — 15). 
Though the addition of hydrogen takes place more 
quickly and at a lower temperature than with nickel, 
the high price of palladium precludes competition 
with the nickel method. 

The superiority of the oxides of nickel over the 
metal itself has recently been urged by Bedford and 
Erdmann, 80 who find them to be more stable in the 
presence of oxygen-containing gases than catalytic 
nickel, less sensitive to the usual poisons, and to 

g assess more strongly marked catalytic properties. 

ther oxides, such as cupric oxide and ferrous oxide, 
are capable of acting as catalysts, though not to the 
same extent as the nickel oxides. 

Organic or inorganic salts of the catalytic metals, 
e.g., mckel formate 81 or borate, 32 are also stated to 
be of value catalytically. It is not certain, though, 
Whether their activity is direct or is to be attributed 
to the formation of the metal or an oxide during 
the hydrogenation process. Indeed, opinion is still 
divided as to whether nickel monoxide is a catalyst 
per se, or whether its catalytic activity is dependent 
upon the formation of a suboxide or of the metal 
itself. 

Since nickel carbonyl 83 is decon^posed in heated 
oil to produce a suspension of very finely-divided 
metal, this compound provides a useful sqtyrce of 
iuckel catalyst, especially as, being volatile, it can be 
introduced mto the oil along with the hydrogen* '•■'JfheJ 
liberation of the metal in what may be jtermed 
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the "•nascent "state is said to be of considerable 
technical advantage. 

As would be expected, care must be taken in all 
cases to exclude substances which, by poisoning the 
catalyst, reduce its life and efficiency. This applies 
not only to the catalyst itself, but also to the raw 
material under treatment and the hydrogen em- 
ployed. In this respect, arsenic, sulphur, phosphorus, 
the halogens, antimony, tin, zinc, and lead, are the 
chief undesirables. As a rule, these substances 
exercise their deleterious influence whether present 
in the elemental condition or in the form of a com- 
pound ; thus, a nickel catalyst would never be pre- 

E ared from nickel sulphate. It might be mentioned 
ere that the neglect of precautions against poisoning 
was the principal ground on which Normann's patent 80 
was declared invalid. The difficulties attendant 
upon the complete exclusion of poisons is one of the 
reasons which militates against the use of water gas 
or coke-oven gas for the purposes of hydrogenation, 
though the cost of production of such gases, which 
contain some 40 — 50% of hydrogen, is very much 
lower than that of electrolytic hydrogen, or hydrogen 
of comparable purity. As regards enhancing the 
activity of the catalyst, the work of the Baaische 
firm in this connection has already been referred to 
in section 4 of this chapter. 

22. The problem of a cheap source of pure hydro- 
gen is dealt with in Chapter V, sections 10 — 16. 

2& Of the many forms of plant which have been 
designed for carrying out the fat-hardening operation, 
that of Wilbuschewitsch 84 is selected for description 
'|gr6, Iii this plant, shown diagrammaticatfy in 
Fig.-ix, the necessary degree of contact of the reacting 
materials is obtained by the use of one or more auto- 
claves, in which the hydrogen is made to contact 
yrith thOoil both in bulk ana in the spray condition. 

of oil with the requisite amount of 
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S ' lyst, + obtained in the first instance from the 
jrA,is delivered into each autcfclave B through 
j$Bg devices C at the top, and in falling to the 
pin the mixture comes into contact with a 
^emnter-current of hydrogen which has been injected 
In each case into <the collected liquid irusthe conical 
lower portions D of the autoclaves. The hydrogen 



is introduced into the first autoclave at a pressure 
of about 9 atmospheres and emerge^ from- the last 
at ordinary pressure. The autoclaves are provided 
with heating jackets in order that the temperature 
may be maintained at ioo — i6o° according to the 
nature of the oil under treatment ; also, devices E 
are fitted over each hydrogen admission nosale 
to ensure as intimate a contact as c possible with the 
oil mixture. After a certain period of treatment in 
the first autoclave, the oil is transferred oy means 
of a pump F into the second autoclave, and so on, 
until a sample withdrawn from the last^utodave 
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gives file desired .melting-point. The hardened oil 
is then removed and A the catalyst separated from it 
by centrifugal treatment or by means of a filter press; 
The hydrogen not consumed may be returned to the 
first autoclave^ after being purified, by ^passage 
through caustic soda. , 

Other forms of apparatus employed are mainly 
mechanical variations of the one just considered, 
devised for the purpose of bringing the oil, the hydro- 
gen, and the catalyst into effective contact. In all 
cases, the temperature of hydrogenation naturally 
depends upon the nature of the oil under treatment} 
the pressure of the hydrogen, and the .catalyst 
employed. It usually falls between 150° and 2d<jf. 
As a general rule, the hydrogen is introduced inid 
the reaction chamber under pressure of a few atmOf 
spheres, but in some cases the hydrogen pressure has 
been increased to about 15 atmospheres, 86 it being 
then only necessary to raise the temperature to 
ioo — 150°. It is worthy of note that the Badische 
firm have recently advocated the use of pressures 
up to 120 atmospheres. 88 v 

24. The hardened oils resulting from the hydro- 
genation method are of great commercial utility. 
Since before the war plants in England, -Germany, 
Stance, and Norway, have beep eng p gpd upon the 
producti on of solid fatsTorsoap and^anSe making . 
usm|jr^ l ^ oils as cotton-seed iitil, 

soya-beSj^ ahdTTnseed_oil. Even in 1914, the 
weigEF of oil haHIenecTirT Europe by this means 
amounted to a quarter of a million tons. 

A further application of the process to tire maiiji- 
facture of edible fats owes, if not its inception, *at 
least its extensive development, to the shortage of 
butter and lard occasioned by the war. At fifst there 
was softie objection to the use of fat substitutes 
prepared in this maipier, based upon the suspicion 
that th£ presence of traces of the catalyst niight be 
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injurious to health, or that cheap and unwholesome 
oils, such as certain fish oils, might bemused as starting 
materials. These objections nave been overcome, 
and now vast quantities of cotton-seed oil, soya-bean 
oil, coco^-nut oil, etc., are hardened for the manu- 
facture of margarine and compound larg, both of 
which are produced by mixing liquid oil with a pro- 
portion of the hardened variety. Attention ought to 
be directed, however, to the recent discovery ** that 
the process of hardening vegetable oils destroys 
what are known as their “ vit amines/' the presence 
of which latter in food appears to be essential to the 
maintenance of health. 
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CHAPTER VIL 


Dehydrogenation, Oxidation, Hydration, 
Dehydration. 

We turn now to a consideration of the catalytic 
dehydrogenation, oxidation, hydration, and dehy- 
dration of organic compounds. 

Dehydrogenation. 

* 

I. When dealing in the last chapter with Saba- 
tier's method of catalytic hydrogenation, attention 
was drawn to his explanation of the mechanism of 
the process on the assumption of the formation of 
intermediate unstable metallic hydrides. If this 
conception be correct, it would be anticipated that 
the catalysts employed in that process would be able 
to unite not only with hydrogen in the free state but 
also with hydrogen already in a state of combination. 
In oth$r w:ords, catalysts of hydrogenation should be 
oatalysts of dehydrogenation too. Such is, in fact, 
found to be the case ; and Sabatier 1 with his 
collaborators have thoroughly explored this field of 
research. 0 

For example, the bodies produced by the hydro- 
genation of ring compounds tend to revert to the 
original substance if the temperature at which 
hydrogenation tool^ place in the first instance be 
appreciably exceeded. Cyclohexane^gives benzene : 
cyclohexanol regenerates phenol : piperidine reverts 
to pyridine : and so forth. The dehydrogenation 
may even be progressive, as jn the case of dodeca- 
hyaroanthracene, which loses its hydrogen in the 
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reverse rrfariner of that in which the anthracene 
origirlally took hydrogen up. 

Apart from the state of the catalyst, fairly high 
temperature is the essential condition. Since hydro- 
gen is liberated, the reverse reaction sets imsto some 
extent, bjit the concentration is not sufficient to 
produce a very serious diminution in the percentage 
yield. The most important of the applications of 
the method are briefly summarised below. 

% 2. Degradation of Hydrocarbons . — All hydrocar- 
bons, when submitted to a high temperature, are 
decomposed, with the partial formation of lower 
hydrocarbons, accompanied by dehydrogenation. In 
the presence of catalysts, the decomposition can be 
brought about at much lower temperatures, and 
consequently with somewhat better regulation than 
obtains in analogous pyrogenic decompositions. 
The loss of hydrogen appears to be accompanied by 
the scission of the hydrocarbon molecule into 
CH 3 , CH 2 , and CH groups, which then rearrange 
themselves into a further complex molecule whose 
empirical formula is poorer in hydrogen than that 
of the original hydrocarbon. 

Not only cyclic hydrocarbons but also open- 
chain hydrocarbons undergo this <&g$|dation. 
Butylene, for instance, yields butadiene when heated 
in the presence of a catalyst. 2 

According to Sabatier, finely-divided and recently- 
reduced nickel displays the greatest activity in tius 
connection. Cobalt is somewhat less active, iron 
begins *to behave as a catalyst above 350°, and 
platinum as well as copper above about 400°. Traces 
# of sulphur, arsenic ana halogqji compounds readily 
poison these catalysts. Another useful catalyst is 
aluminium chloride. 

3. Whilst dealing with this subject, attention 
might be directed tg the “ cracking n of petroleum, 3 
( a; process which consists in heating the heavier por- 
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tions of crude petroleum to a temperature sumciently 
high to render the high-boiling hydrocsyrbons unstable 
arm cause them to break down into lowenrboiling 
hydrocarbons. The process is assuming greater and 
greater importance in view of the fact that the world's, 
demand for petrol is increasing so rapidly that soon 
the " straight " distillation of crude oil may*be unable 
to satisfy it. 

Usually the cracking is effected by heating the 
oil under pressure, as in the Standard Oil Co.'s pro- 
cess, 4 which is extensively operated in America: 
Lately, though, it has been found that the trans- 
formation is facilitated by the use of catalysts. 
Nickel, iron, chromium, and other metals, preferably 
in the finely-divided state, appear to be of value in 
this respect, and the same applies to metallic oxides, 
such as copper, aluminium and iron oxides. 

An example of a process involving the use of a 
catalyst is that of Hall, 5 in which the volatilised 
hydrocarbon, at a temperature of 6oo° and under a 
pressure of 5 atmospheres, is passed over a metal or 
oxide of the kind used in the hydrogenation of oils. 
By increasing the temperature and pressure to 750° 
and 7 atmospheres respectively, the process can be 
workedjctf, the production of such aromatic hydro- 
carbons* as benzene and toluene instead of petrol. 6 
In further processes of a catalytic nature, the oil to 
be cracked is first mixed with steam and then brought 
into contact with hot wire spirals made of nickel 
or platinum, 7 or the mixture of oil and steam is 
passed through and over electrically-heated tubes of 
a catalytic metal. 8 

Other catalysts employed are the metallic haloids, 
particularly aluminium chloride, the* Friedel-Crafts* 
reagent, with a process of this type, 6 anhydrous 
aluminium chloride is added to the oil m a stillUnd the 
whole is brought to boiling with stirring, fresh chairges 
of. oil being added at intervals to replace the iftppi 
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which escipesthrough a condenser only cool enough 
to retain the higher-boiling fractions. 

4. Dehydrogenation of Alcohols . — Long ago it 
was observed by Berthelot that the vapours of 
alcohol; when passed through a hot tube^t 500°, 
suffer deqpmposition into ethylene and aldehyde. 
That is to say, under the influence of heat, there 
occurs both dehydration, or loss of water, and 
dehydrogenation, or loss of hydrogen. Subsequent 
gcperiments have shown that all primary alcohols 
decompose in this way when subjected to a tempera- 
ture of about red heat. Secondary alcohols under 
similar conditions break down even more readily 
into unsaturated hydrocarbons and ketones. 

By the aid of catalysts, the decomposition can be 
realised at much lower temperatures, a circumstance 
which is of value in view of the endothermicity of 
both reactions. And, what is of greater importance, 
Sabatier finds that one or other of the two reactions 
can be made to predominate, according to the 
nature of the catalyst selected. 

Finely-divided metals, such as copper, cobalt, 
nickel, iron, platinum, and palladium, catalyse 
almost exclusively the dehydrogenation process. 
The same applies to a small number of a >rJ 4 ^chief 
among whicn are the lower oxides of manganese, tin, 
uranium, molybdenum, vanadium, and cadmium, 
though the activity of these is less than that of the 
taetals. Other metallic oxides, on the contrary, 
such as thoria and alumina, are catalysts of dehydra- 
tion, a£ will be seen when that phenomenon , comes 
tp be discussed (see section 18). And there still 
4 remains h large number of ^lbstances which can 
function to a*varying degree as catalysts for both 
reactions. 

, ; jj; As regards dehydrogenation, com>er appears 
to be the catalyst pgr excellence . Nickel is ruled dirt 
on aocount'of its violence, as pushing decompositimi 
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too far ; and the other catalysts mentioned^above are 
much less advantageous than copper It might be 
noted here that the Badische Fabrik 10 claim«that the 
promoters they employ for hydrogenation catalysts 
(see Chapter VI, section 4) are also serviceable in the 
case of the catalysts of dehydrogenation processes. 

Cyclic alcohols readily submit to this treatment. 
Isobomeol, for instance, is transformed into camphor 11 
by passage over finely-divided copper at 300° ; or 
camphor may be obtained from bomeol or isobomeol 
by heating them without vaporisation in contact 
with a catalytic metal or oxide. 12 These reactions 
are of importance industrially in connection with 
the treatment of certain camphors which are sold 
cheaply on account of their large content of bomeol. 
Similarly, a fatty or aromatic alcohol passed over 
copper at 200 — 300° gives a yield of at least 50% 
aldehyde or ketone. Thus, isopropyl alcohol gives 
acetone, and benzyl alcohol yields benzaldehyde. 13 

As already pointed out, the conditions are favour- 
able to splitting because of the smallness of the 
hydrogen pressure. By working under reduced 
pressure, or what amounts to the same thing, diluting 
the alcohol vapour with an indifferent gas, the inverse 
react-^a^rjci be still further diminished. 13 
o 6 ihe most valuable of the industrial applica- 
tions of this reaction is the preparation of formalde- 
hyde from methyl alcohol. At the outset it may be 
remarked that the classification of the c process as a 
dehydrogenation instead of an oxidation process is 
' in accordance with recently-established opinion upon 
the theonr of the subject. 14 

In Trillat’s method 5 which was the first proposed 0 
for large scale production, crude methyl alcohol was* 
evaporated and passed, together with air aspirated 
in, through a vessel containing porous material main- 
tained at a dull red heat. In rqjpdem plants, copper 
gauze is the usual contact material. Some^nestlje 
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gauzg is lilver-coated ; in fact, metallic couples in 
general, particularly those of copper or silver coated 
with platinum, are stated to possess great activity. 16 
Silver itself and even gold have been suggested, 17 
these metals of course being distributed oytA a sup- 
porting material. The alcohol iyiot now evaporated 
and mixed with air, but air is driven through wood 
spirit kept at a temperature suitable for saturation, 
and the mixture then passed into the catalyser, for 
which purpose scrubber or carburettor arrangements 
have been proposed. 18 In order to start the oxidiser 
without the application of external heat, small 
pellets of platinised asbestos or pumice, known as 
“ ignition pills/' arc disposed in contact with the 
catalyst proper. 19 


Oxidation. 

7. The most important processes involving cata- 
lytic oxidation are inorganic in character, and most 
of these have already been dealt with in Chapters II, 
III, IV, and V. Scattered throughout the domain 
of organic chemistry, nevertheless, are a number of 
catalytic reactions which can be classified under the 
general heading of oxidation processes, and these 
will now be discussed. Oxidation by 

and oxidation by fermentation are dealt with •in 
Chapter X. 

8. Colour Industry . — One of the most valuable 
dyes in the whole range of synthetic colours is aniline 
black. , This dye is produced on the fabric by the, 
treatment of aniline hydrochloride (“ aniline salt ”) 
with an oxidising agent, usually sodium chlorate, in 

» the presence of certain metallf^salts, such as sulphide 
of copper, which act as oxygen carriers. The most 
remarkable of these carriers is vanadium pentoxide. 
According to Witz, 20 the addition of one part of the 
oxide to the mixture of aniline salt and chlorate is 
sufliciept to convert 270,000 parts of the aniline salt 
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into aniline black. After vanadium, in order bf 
efficiency, come cerium, copper, urahium, and iron, 
employed in the form of various salts ; whilst recently, 
it has b^en claimed that osmium tetroxide 21 possesses 
exceptional activity. Every one of these metals, it 
will be noticed, is capable of two degrees of oxidation, 

In 1907 Green 22 patented a process for the pro- 
duction of aniline black in which the oxidation is 
effected by atmospheric oxygen instead of by the 
use of an oxidising agent, avoiding thereby any 
" tendering ” or weakening of the fibre on which the 
dye is developed. The process depends upon the 
discovery that the addition of a small quantity of a 
paradiamine or a para-amidophenol to a mixture 
containing aniline and an oxygen carrier, such as a 
copper salt, greatly accelerates the atmospheric 
oxidation. The reaction is believed to be effected 
by the joint catalytic agency of the metallic carrier 
associated with an organic body of the type 
mentioned. 

9. Fuchsine or magenta is another important dye 
whose preparation necessitates the use of a catalytic 
agent. Formerly arsenic acid was used for the oxida- 
tioncf 0 aniline oil for red ” — a mixture of about one 
paSahinne with two parts 0 and p toluidines — but 
it has now been replaced by nitrobenzene, in which 
case metallic iron or ferrous chloride has to be added 
to the mixture to serve is an oxygen earner. In the 
production, too, of methyl violet from dimethyl 
aniline, using chlorate as the oxidising medium, cupric 
chloride is always added on account of its catalytic 
properties. 

10. The synthesis' of indigo by Baumann's pro- 
cess , 23 which is worked by the Badische Anilin Und 
Soda Fabrik, incorporates a splendid example of the 
catalytic acceleration of a reaction. The starting 
point of the synthesis is the oxidation of naphthalene 
to phthalic acid ; and it was the accidental dfesboviSry • 



OXIDATION. 95 

of the catalytic influence of mercury when fuming 
^sulphuric acid te used 24 — the result of the breakage 
oi a thermometer in one of the experimental tanks— 
Which has rendered practicable the commercialisation 
of this elaborate synthesis. * 

As it*happens, mercuric sulphate is much the 
most powerful catalyst for the process of oxidation 
by means of sulphuric acid. The sulphates of 
potassium and magnesium are inefficacious, whilst 
i hose of iron and nickel act but feebly. Only copper 
sulphate can replace mercuric sulphate, and then 
without advantage. A mixture of the two sulphates, 
nevertheless, displays an activity greater than the 
sum of both taken separately. 25 Mercury possesses 
a parallel catalytic effect in the Kjeldahl method for 
the estimation of nitrogen in an organic body. 

11. Quite recently the aerial oxidation of naph- 
thalene, and of other hydrocarbons in addition, has 
attracted attention. The catalysts employed are the 
oxides, or mixtures of the oxides, of metals of the 
fifth and sixth periodic groups. Of these metals 
vanadium appears to be the best, and molybdenum 
the next best. 26 Naphthalene and air, for instance, 
when passed over vanadium pentoxide at 450°, or over 
molybdenum trioxide at 500°, give a product* tfiiKg 
is mainly phthalic anhydride. In a similar way, 
anthracene can be oxidised to anthraquinone, toluene 
to benzaldeh^de, and so on. 27 

12. Preparation of Organic Acids .— In the case 
of acetic acid, the most important acid in this 
objection, the consideration of its preparation is 
deferred until Chapter VIII Jsection 5). As for 
phthalic acid, its industrial proauction has just been 
referred to; * 

The ^production of oxalic acid is deserving of 
mention here, for though this acid is no long# 
pfej&ted by the oxidation of sugar or starch Dy 
means 0 hot nitric acid, it is possible that this 
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method may be revived as a result of the discovery 

that the addition of a trace of vanadie oxide— I gram 
per i,ooo grams of sugar — greatly accelerates the 
reaction. 28 Using this catalyst, the reaction proceeds 
at the Vdinary temperature, and higher yields are 
obtained owing to^the suppression of intermediate 
products, such as saccharic, mucic, and tartaric 
acids. The presence of molybdenum compounds is 
also stated to accelerate all reactions, including the 
one just mentioned, in which nitric acid is used as 
the oxidising agent. 29 

13. Paint Industry . — The hardening by drying 
of the oil which forms the most important con- 
stituent of paints, varnishes, etc., is such a slow 
process that it is necessary to add to the oil some 
material, known as a " siccative," in order to 
accelerate it. 

It should first be noticed that the drying process 
per se is a catalytic one. Broadly speaking, hardening 
is the result of the absorption of oxygen from the air 
whereby intermediate products— usually considered 
to be peroxides— are formed, which catalyse the 
formation of still more of the products, the latter 
being ultimately changed into some indefinite com- 
the case of linseed oil, the final product is 
* linoxyn.” The main reaction is therefore one of 
auto-catalysis. 

That this is the case will be seen from Fig. 12, 
which represents the alteration in weight of a drying 
oil upon exposure to the air in thin films. Jhe very 
shape of the curve, S-shaped, is typical of an auto- 
catalytic process. OA represents the “ induction 
period ” during which the weight of the oil remains 
iairly constant, whilst small quantities of peroxides, 
the natural driers, are being produced. 4* 4 the 
accumulation of peroxide is sufficient to effect a 
notable increase in the absorption of oxygen, and from 
that point the reaction proceeds with ^adnaUy 
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ijwre^glaindity until at B a maximum' is reached. 
Beyond tlrat pprnt slackening occurs, consequent 
uppn the decreasing concentration of the reacting 
substances. When a siccative is employed t he 
induction period is reduced, but the S-shape^f the 
curve is Sill maintained (see curve OCB) The 
siccative therefore functions as*a pseudo-catalyst, 
since it accelerates the production of the auto-cata- 
lyst (see Chapter I, section 17). 

* 4 - As might be anticipated, the most powerful 
oners are themselves comparatively unstable perox- 
ides. Manganese dioxide and red lead are those most 
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Fig. 12. 



pommonly employed, though many other 
oxides possess some degree of activity. Cobalt 
coinpotinds have recently been shown to display 
neater activity than those of either manganese or 
feli^^Some organic impounds, too, such as 
tulperitine, which absorb oxygen with the probable 
formation of peroxides, possess a capacity for acting 

v 

’r Tha solid dpers are now being replaced 
ihltouarture of boiled oil by liquid dijex^ br *• 
bu^ f ' such as the resinates or hnoleates oflead and 
inal^auxese; Which axe soluble in both turpeatihe^d 
■ Whatever drier be 
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quantity necessary is small j in the caSe of^man- 
ganese dioxide, for instance, 5 lbs, per ton of ou is all 
that is required. 15 

In the manufactureof linoleum numerous attempts 
have fcegn made to accelerate the slow hardening 
process by catalytic means, but in all cases^he result- 
ing product has be&i found inferior to that obtained 
from the unassisted oxidation of the linseed oil. 

15. Miscellaneous, — Though, so far as is known, 
the whole of the formaldehyde used in industry 
is prepared in the manner described in section 6 
of this chapter, the increasing application of this 
body has lea to a consideration of other methods of 

E roduction. In particular, the oxidation of methane 
as been suggested. In one process 81 this hydro- 
carbon, or any gas containing it, is to be mixed with an 
equal quantity of air and passed repeatedly through a 
tube containing granulated copper heated to 6oo°, the 
formaldehyde being removed after each cycle. In a 
recent modification 32 which aims at the removal of the 
difficulties associated with the control of the tempera- 
ture, methane is fractionally oxidised at a tempera* 
ture of only 150— 220° in the presence of a metal 
or a metallic couple, such as copper or silver or both. 
sSuc^ge-^'cess of oxygen is employed in a cyclic 
process, the formaldehyde being removed by means 
pf water. 

16. As a last example, take the-proposed prepara- 
tion of camphor from bomeol 33 of isobomeol 81 
(compare the method described in section 5) by 
vaporising it in a current of oxygen and passing 
the mixture over a catalyst, e.g., spirals of copper 
or platinised asbestos 

Hydration. 

ip Under this term are classified those tea&itoii 
which comprise the direct addition of 
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oi wrter. bnsaturated hydrocarbons, acid anhy- 
d&ride? amides, nitriles, lactones, etc., are capable 
of fixing water in a direct manner, and in certain cases 
the reaction is facilitated by the presence of a 
catalyst. 

Of hydration processes the only important one 
which would concern us here is tlfat of acetaldehyde, 
which forms the second step in the synthesis of 
alcohol ; but as this reaction is dealt with in full in 
l^e next chapter, it is unnecessary to make further 
reference to it. 

Dehydration. 

18. So far as industrial chemistry is concerned, 
most of the products obtained by the general process 
of dehydration, or loss of the elements of water, 
result from a reaction in which either alcohols or 
acids or both are the main reagents involved. 

(1) Dehydration of Alcohols. 

.19. With alcohols, loss of water can occur in two 
Ways, either with the formation of an unsaturated 
hydrocarbon or of an ether. Ordinary alcohol, for 
instance, is dehydrated by concentrated- sidpjjusw* 
acid ° r syrupy phosphoric acid with the formation 
of ether if the temperature be not allowed to rise 
above 140°, or with the evolution of ethylene if the 
temperature conditions be maintained at 160—170®. 
In both cases, however, fhe acid plays the part of a 
dericcatihg agent and not that of a catalyst. 

Production of Ethylene Hydrocarbons .^-* As 
| paialy&s of dehydration, Sabatier— whose work 
W the catalysing power of oxides has already been 
iefeited to in section 4— has shown that, for th# 
pncpactibn of ethylene hydrocarbons from alcohob;} 
there are ho catalytic agents to compare with thoria, 
alumina, ^and the blue oxide of tungsten^ 
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employed lit temperatures above 3 u< 3 r a 
temperature is too high for the formation Of $hOrs; 
since these latter are themselves then dehydratedi 

If, therefore, the vapour of an alcohol be passed 
over thqria or similar catalytic material heated tb 
350—400°. in an apparatus such as that # shown in 
Fig. 10 (the hydrogbn leading-in tube being of cotirse 
suppressed), decomposition takes place with the pro- 
duction of an ethylenic hydrocarbon which can be 
condensed or collected in the gaseous state. Cyd<j- 
hexanol, for instance, passed through a tube of 
platinum or silver at slight red heat gives a 40 — 50% 
yield of butadiene. 38 

21. The reaction has been taken advantage of 

in the preparation of ethylene, the production Of 
which comprises the first step in the manufacture of 
ftfti dichlordiethylsulphide, extensively employed as 
" mustard gas ” in the recent war. In the German 
method 88 of preparation, ethylene was obtained in 
90% yield by passing ethyl alcohol vapour over a 
catalyst of alumina contained in a copper tube heated 
in a bath of molten potassium nitrate to 400°. The 
British 87 employed coke impregnated with phos- 
phoric acid as the catalyst ; whereas in America 88 
Ah£j>rocese. was modified by mixing steam with thfe 
alcohol vapour and passing the mixture over kablift 
heated to 500 — 6oo°. V 

22. Production of Ethers .— The preparation' of 
fatty ethers by dehydration of the oorjes 
alcohols is only possible irfa small number < 
mainly the lower primary alcohols. Second 
hols are usually, and tertiary alcohols 
transformed into the^thvlenic hvdroca^^|m- 
' Phenols can be dehydrated in* an ana* ’ 
manner. If phenol vapour, for instance, be 3. 
•overthoria at 400°, diphenyl ether can be obt 

a 56 % yield. This reaction feff 
Practised on an industrial scald’ and hasr^* 
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tot 


ft pwfuiiieiy irf large quantities, as artificial essence 
of geranium, The phenol is liquefied and made to 
|sJtT dropwise into the end of a heated ftclined 
tube containing the thoria. The-tesulting 
ftftture df phenol and its ethe»is separated by a 
single fractional distillation and the recovered 
phenol further treated. 

Mixed ethers are obtainable by the use of a phenol 
aftd an alcohol. In this way, anisol and phenetol can 
conveniently be prepared. The products obtained 
by passing the vapours of / 3 -naphthol with either, 
methyl or ethyl alcohol over thoria comprise two 
perfumes (nerolin) which are extensively used for 
perfuming the cheaper grades of soap. 

(2) Dehydration of Acids. 

, ^ 23. If an organic acid be heated to 420 — 450' 
in the presence of thoria, titanium oxide, zirconia, 
manganous oxide, ferrous oxide, cadmium oxide, 
or even chalk, water and carbon dioxide are eliminated 
with the production of a symmetrical ketone. By 
using a mixture of acids, say, benzoic acid and a 
fit|y acid, mixed ketones can be obtained Precipi: 
tatea chalk, though not so effective as thoria, mtamsj 
ite activity even after it has become coated with 
carbonaceous products, but its use is only satis- 
to thepase’of the lower members of the fatty 
series and of benzoic acid* --/ii 

is the most important body which has' 
prepared industrially by this reaction, but fto 
^nt of its preparation is deferred until the 


$ Esterification. 

% are usually prep 
A and ah acid, a 
. , Since water is eliminategi. 
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the addition of such substances as concentrated sul- 
phuric acid or anhydrous salts, ^hich possess a 
strong affinity for water, in order to promote the 
reaction, renders it doubtful whether this reaction 
can be considered as catalytic. 

For esterification in the gaseous state; which is 
undoubtedly a catalytic process, Sabatier has suc- 
cessfully employed some of the metallic oxides as 
reaction accelerators. Titanium oxide is stated to 
be the most advantageous for the production of fatty 
acid esters, and thoria for the esters of aromatic 
acids. Beryllium compounds, 39 too, have been 
advocated as catalysts in this connection. The 
catalyst may, of course, be suitably supported. 40 


(4) Production of Amines and Thiols. 


25. Still other compounds may be catalytically 
prepared from alcohols by means of metallic oxides. 
Ammonia and the vapour of a primary alcohol, when 
directed over thoria at 250 — 350°, furnish a mixture 
of a primary and a secondary amine. Under the 
same conditions, a mixture of the vapour of a primary 
amine with ammonia yields a secondary amine. 

S I anynes, as might be expected, may be pre- 
in a similar way. Secondary alcohols also 
produce amines, but not with such readiness as in the 
case of primary alcohols. # 

Primary and secondary alcohols,, as well as 
phenols, can also be mqfde to combine with sul- 
phuretted hydrogen to produce good yieldspqf thiols, 
if a mixture of this gas with the alcohol vapour, bo 
passed over thoria a* 300— 350°. 
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CHAPTER VIII. 

Synthesis of Acetic Acid, Alcohol, and Allied 
Compounds. 

4 . 

i. Already in Chapter IV it has been mentioned 
that calcium carbide is manufactured in vast quanti- 
ties for the production both of fertilisers and of nitric 
acid. Its utilisation, however, does not stop here, 
for in recent years a further wide field has been 
opened to it in its application to the synthesis of 
organic compounds, such as ethyl alcohol, acetic 
acid and acetone, which are of the utmost value in 
many industries. 

Practically the whole of the reactions underlying 
these later developments are catalytic in character. 
They furnish, in fact, a number of striking illustra- 
tions of the advantages accruing to chemical industry 
by the modern application of the principles of 
jdtfajysis. * 

*/By treatment with water, calcium carbide yields 
acetylene, and from acetylene by cataljdic hydration 
acetaldehyde can be obtained. Then again, ethyl 
alcohol results from the catalytic hydrogenation of 
this acetaldehyde ; or, if ^’catalytic oxidation be 
resorted to, acetic acid may be prepared ; fronl which, 
by further treatment involving catalytic dehydra- 
tion, acetone is obtainable. Thus, it will be seen that 
by means of a series of reactions which can be repe»?- 
sented diagrammatically as follows : — 

Ca C» -* C. H« -* CH* OHO CH, COOH -► CH,' CO CH» 
C, i. OH 
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it i& jjosAble to synthesise the three commercially- 
important chemical compounds already mentioned. 

From these compounds, still others can be pre- 
pared, and by methods which are in genejpl of a 
catalytic nature. The whole subject is as yet in an 
embryonic state, but it is possible even now to foresee 
extensive developments in the near future in the 
direction of the synthesis of organic products of 
increasing complexity. 

Since all the reactions are closely interconnected, 
they are grouped together in this chapter for 
collective consideration. 

Synthesis of Acetic Acid. 

2. In view of the great industrial importance of 
acetic acid and of the necessarily localised character 
of its ordinary manufacture by wood distillation, 
it is not surprising that attempts have been made to 
replace this manufacture by synthetic methods. 
These efforts have met with considerable success, 
and during the recent war, both in Germany (where 
the process was first developed) and in the Allied 
countries, large amounts of acetic acid have been 
prepared by synthetic catalytic methods 

As pointed out above, the starting-point of tMB 
synthesis is calcium carbide, which is converted 
into acetic acid f id the formation of acetylene and 
acetaldehyde. \ 

3, preparation of Acetaldehyde . — The process 
employed for the hydration of acetylene is based 
upon an observation by Erdmann and Kothner 1 

• that when acetylene is passed through boiling dilute 
stfffhuric acid* containing mercuric oxide acetalde- 
hyde is # formed. The technical application of this 
reaction, however, involves a number of difficulties, the 
most important of which appear to be:— (i) diminu- 
tion in yield owing to the polymerising action of the 
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hot acid upon the aldehyde produced, giving crotonic 
aldehyde, resinous bodies, etc., (2) the deterioration 
of the mercury catalyst, which is gradually converted 
into aj inactive slime containing organic mercury 
compounds and impurities, and (3) the selection of 
suitable materials fqj* the apparatus to be employed. 

As regards (1), the most obvious step is to reduce 
either the temperature or the strength of the acid, or 
to replace sulphuric acid by weaker acids, such as 
phosphoric acid, benzene sulphonic acid, etc., and 
the earliest attempts at improving the yield were in 
fact on these lines. 2 Recently, Dreyfus, 3 who has 
made an extensive study of the process, proposes a 
rigid control of the concentration and temperature 
conditions. The method which appears to be favoured, 
however, consists in passing the acetylene in very 
large excess through the catalysing liquid so that the 
stream of gas carries off the aldehyde as it is formed. 4 

Difficulty (2) above can be surmounted by adding 
oxidising agents to the catalytic liquid, 6 or by electro- 
lytic oxidation in the reaction vessel. 8 The catalyst 
may be finally recovered by carbonising the sludge 
to metallic mercury. 7 

In connection with (3) above, the difficulty is 
that hot acitl and mercury attack most metals, whilst 
Earthenware is liable to break. Dreyfus 3 proposed 
to use lead vessels coated internally with lead 
sulphate, and subsequently 8 to employ the acid- 
resisting ferro-silicon alloy^ 

4. An interesting alternative synthesis 9 Jias also 
been described, in which the aqueous sulphuric acid 
mercury solution is replaced by a solution of mercuric 
oxide in glacial acetic acid containing a little sul-* 
phuric acid. The product obtained is 4 the acetic dSter 
of the hypothetical ethylidene glycol, viz., ethyfidene 
diacetate 


C,H, + 2CH. . COOH 


CHs.CH 


<: 


C0CH, 
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which bdtly, on heating to a fairly high temperature, 
with o r withoftt acids or acid salts, breaks down into 
a mixture of aldehyde and acetic anhydride. 10 

The high-temperature synthesis of acetgjdehyde 
by passing acetylene and steam over various metallic 
oxides tias also been studied,! 1 but information is 
lacking as to whether this method has been established 
on a technical scale. 

5. Preparation of Acetic Acid. — It has long 
been known that acetaldehyde is oxidised by air or 
oxygen to acetic acid. In the absence of a catalyst, 
however, the reaction is slow, though it may be 
accelerated by adding acetic acid at the start. 12 If 
a catalyst is to be used, two methods of operation are 
available — either the aldehyde vapours mixed with 
air or oxygen can be passed over the catalyst, or the 
reaction can be effected at a low temperature by 
passing air or oxygen into liquid aldehyde (b.p. 21 0 ) 
containing the catalyst. Both methods have their 
drawbacks ; the high temperature method is liable 
to losses due to over-oxidation of the aldehyde to 
carbon dioxide and water, while the low temperature 
method is not without danger, since low tempera- 
tures favour the production of peracetic acid, 13 
a compound which decomposes with explosive 
violence. m 

Judging from the patent literature, however, the 
low temperature method appears to be the preferred 
one, using manganese Compounds, 14 particularly the 
acetate, 16 as the catalyst, and employing the air o^ 
oxygen under pressure. 16 This method of preparation 
was successfully established during the war on a 
Jjfge scale at the Shawinigan Falls, Canada. It 
Inay be note<l also that in Germany during the war 
the acetic acid synthesis was worked in conjunction 
with the manufacture of calcium cyanamide, the 
same raw materialf calcium carbide, being used in 
both manufactures, while the oxygen obtained as a 
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by-product in the cyanamide process was used in 
the acetic acid production. 

Products obtained Catalyticallv from Acetic 
o Acid and Acetaldehyde. 

The two compounds whose syntheses have just 
been described form the starting-materials for the 
preparation of a number of other organic products. 

6. From Acetic Acid . — The most important ^ 
compound in this connection is acetone, which at one 
period of the war was prepared in large quantities 
m Canada by a catalytic method in which acetic acid 
vapour is passed over lime as a catalyst at a tempera- 
ture of 485°. Under peace conditions, however, it is 
thought that the method will not be able to compete 
financially with the ordinary process by the distilla- 
tion of calcium acetate. 

As the reaction is an old one, 17 modem develop- 
ments have been concerned mainly with improving 
the efficiency of the catalyst. In one case the lime is 
distributed in the form of a covering over balls of 
heat-conducting material such as steel 18 ; whilst 
in another manganese dioxide is suggested as the 
catalytic material, being employed in the form of 
hjmps of pyrolusite. 19 

* The preparation of acetic anhydride has already 
been referred to (see section 4). 

7. From Acetaldehyde . — In the fcrst place, 

acetaldehyde can be polymerised in several ways, 
^depending upon the nature of the catalytic material 
employed. By treatment with small amounts of 
mineral acids, especiallysulphuric acid, paraldehyde 
is produced ; on the other hand, th$ addition 
aqueous solutions or suspensions of alkalies, such as 
calcium or strontium oxide, 20 induces the so-called 
aldol condensation, which proceeds according to^the 
equation; — 1 

2CH, . CHO - CHs • CH(OH) . CH, . CHO * 
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Aldol b*e used as a source of buta le for syn- 

thetic rubber manufacture, and has also been pro- 
posed for the preparation of cellulose acetate solvents. 

8. Again, if pure acetaldehyde be allowed to 
remain for some time in contact with a sm^ll quantity 
of finely-divided aluminium ethylate, direct con- 
version into ethyl acetate results. 21 

2CH, • CHO = C 8 H 5 00C . CH,- 

•The reaction should be a promising one, for the 
product is of comparative purity. The main diffi- 
culty appears to be associated with the slowness of 
the reaction, but efforts are being made to overcome 
this, 28 usually by the addition of a promoter to the 
catalyst. 

9. Another compound of importance which can 
be derived from acetaldehyde is acetal. This body 
is obtained by mixing ethyl alcohol and acetalde- 
hyde in the presence of hydrochloric acid and an 
amount of calcium chloride equivalent to about 
10% by weight of the liquid. 23 

10. The last compound to be mentioned is ethyl 
alcohol itself which can be produced by the hydro- 
genation of acetaldehyde in a manner which it is now 
proposed to consider. 

Synthesis of Alcohol. 

• 

11. In rdbent years ^he demand for oil fuel has 
increased at such a rate as to tax severely the world's 
natural resources of this commodity, particularly as 
regards the supply of the lower-boiling fractions which 
constitute petrol. 

Chapter*VII (section 3) we have had occasion 
to notice the efforts which are being made in the direc- 
tion oFthe conversion of high-boiling hydrocarbons 
into lower-boiling hydrocarbons by the process of 
" cracking ” ; but neither from this, nor from a mote 
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complete extaction of benzol in coal-tai* distillation, 
can be* expected a sufficient supply of liquid ftiel to 
counteract the forthcoming shortage. Some alterna- 
tive supply, derived from new or supplementary raw 
materials, ( must be sought for and its possibilities 
investigated. f 

Attention has naturally been directed to alcohol 
in this connection, as providing the most promising 
solution to the problem. Already alcohol is prepared 
in large quantities by fermentation processes (see, 
Chapter X), and this method appears capable of 
development by its extension to the treatment of 
ocher material than is at present employed, e.g., by the 
utilisation of wood-waste referred to in Chapter IX, 
(section 4 ). The most interesting proposal, however, 
is that for the chemical synthesis of alcohol. During 
the war, efforts in this direction were enormously 
stimulated, more especially in those countries such 
as the Central Empires, Switzerland, and Scandi- 
navia, where the liquid fuel shortage was most 
acutely felt. That these efforts have attained a con- 
siderable measure of success can be gathered from the 
fact that the process has already been established 
on the industrial scale in both Germany and Switzer- 
land, and that in the latter country the Lonza 
Electricity Works, which is operating the process, 
expects shortly to be in a position to satisfy the total 
alcohol requirements in Switzerland by this means. 
Considerable development f f the synthetic process 
for the production of power alcohol can be confidently 
anticipated in other countries when the shortage ana 
consequent increase in price of petrol permits of 
economic exploitation.' 

12. The reaction involved in thee process ts4ke 
hydrogenation of acetaldehyde by the classical 
method of Sabatier, to which such repeated inference 
has been made in the last few # chapters. Acetalde- 
hyde vapour admixed with hydrogen is passed over 
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a hydrogenating catalyst at a temperature of 140 — 
180 ‘whereby* even with a single passage through 
the catalytic material an 80% yield of alcohol is 
stated to be obtained. For the success of the process 
three conditions must be observed : — (1) tfce catalyst 
must be«finely-divided nickel, prepared by the reduc- 
tion of the oxide at a low temperature, (2) in order 
to minimise the effect of the reverse reaction it is 
necessary to employ a large excess of hydrogen and 
«of course in a circulatory manner, 24 and (3) the 
temperature conditions must be carefully controlled 
so as to prevent as far as possible any diminution 
of the yield by the interference of catalytically- 
accelerated side reactions. Furthermore, the intro- 
duction of a fraction of a per cent, of oxygen has 
recently been claimed to reduce to negligible pro- 
portions the production of ether. 25 
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CHAPTER IX. 

Hydrolysis, Saponification, Substitution, 
Polymerisation, Condensation. 

A few more general reactions remain to be 
considered. 

Hydrolysis. 

1. The reactions now to be dealt with arc those 
in which the elements of water are added to a complex, 
followed by resolution of the product into simpler 
substances. The compounds capable of this treat- 
ment can be roughly classified as esters: amides, 
oximes, and hydrazones : acyl derivatives : carbo- 
hydrates and glucosides : and lastly, polypeptides 
and proteins. 

In the case of most of these substances, their 
hydrolysis can be catalytically accelerated. Indeed 
the hydrolysis of esters may be regarded as one of the 
best-known instances of catalysis, for *he reaction 
being comparatively slow lends itself to a study of* 
the phenomenon. Only the important of the above 
applications can be dealt with here. 

2. Hydrolysis of Estyrs , — The simplest process, 
viz., hydrolysis by means of water, is an auto- 
catalytic action, since the acid liberated functions 
as a catalyst. Under these circumstances the velocity 

# of the reaction increases with* the time. Naturally, 
such an unaided reaction is only possible in the case 
of the esters of comparatively strong acids, but if 
superheated steam be employed instead of water, 
the esters of even we^k acids are affected. Thus, in 
the case gi fats, which are natural glyceryl esters 
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of certain \fceak fatty acids, including* stearic acid, 
their hydrolysis by means of superheated* st£am is 
used as a commercial method for the production of 
stearic acid for candles. 

Esters, can also be hydrolysed by water in the 
presence of finely-divided metals as catalysts. At 
50°, e.g., platinum ftlack accelerates the hydrolysis 
of ethyl butyrate. Far better results are obtainable 
by Sabatier’s method, 1 in which a mixture of the 
ester vapour with excess of steam is passed over say 
titanium dioxide in the case of fatty acid esters, or 
over thoria for acids of the benzoic acid type, at a 
temperature of 280 — 300°. 

The usual hydrolysing agents employed, however, 
are acids and alkalies, both of which are used to an 
enormous extent in the hydrolysis — or as it is then 
termed, the ■' saponification ” — of fats. With this 
aspect of the problem it is proposed to deal 
separately at a later stage (see section 5) . 

3. Hydrolysis of Carbohydrates and Glucosides. 
— All di- and poly- saccharides can be hydrolysed in 
the presence of dilute mineral acids as catalysts, with 
the formation of mono-saccharides. 

The hydrolysis of sucrose or cane sugar, for 
example, gir/es a mixture of dextrose and fructose, 
called “ invert sugar.” This reaction furnishes 
another of the best-known instances of catalytic 
reactions, for its course can be accurately followed 
by the change in optical rotf .tory power* which accom- 
panies the formation of the fructose. The process 
is of some importance industrially, for invert sugar 
is employed as a permissible addition in the manu- 
facture of wine. ' v 

Of the poly-saccharides, starch is die most impor- 
tant to undergo hydrolysis by mineral acids, in this 
case with the final production of dextrose (glucose). 
The reaction underlies the technical manufacture of 
glucose. Starch from rice, potato, or matae is stirred 
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up with waiter and the mixture run J into dilute 
suiphi!ric # acid contained in a closed converter. The 
temperature is then raised by the injection of steam 
and the reaction continued until the hydrolysis is 
complete, when the product is run into tanxs, the 
acid neutralised with chalk, and the clecfr solution 
containing the glucose linall/ evaporated under 
reduced pressure. In America, hydrochloric acid is 
the catalytic agent commonly employed. 

• In the case of glucosides their hydrolysis, too, 
can be fairly easily effected by the use of acids, 
though much less readily than when the appropriate 
enzyme is employed (see Chapter X, section 7). 

4. Hydrolysis of Cellulose . — By reason of the 
possibility of a great saving in cost, the production 
of alcohol from wood-waste instead of from grain 
is finding technical application (see Chapter VIII, 
section n). The first step in the process is the 
hydrolytic conversion of the cellulosic material into 
glucose, from which alcohol can then readily be 
obtained by fermentation in the ordinary way (see 
Chapter X). 

Several processes have been devised for the dis- 
integration by hydrolysis, but so far as is known, the 
only one in technical operation is that #f Ewen and 
Tomlinson, 2 in which sulphuric acid is sprayed upor> 
the wood-waste or sawdust in a rotary digester and 
steam then forced in under pressure of 7 atmospheres 
for a short titne to raise tfhc temperature and to pro- 
duce an acid concentration not exceeding 1 %. After 
separating the sugar from the woody residue, the 
liquors are neutralised and the sugar fermentation 
carried out with the normal four-day period. 

Saponification. 

5. As previously mentioned, the term " saponifi- 
cation ” refers only to a f rticular application of 

8—2 
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hydrolysis, Mz., the hydrolysis of fats. ■ Sipce these 
latter bodies are made up of the glyceryl esters 
(glycerides) of certain fatty acids, particularly 
palmitic, stearic, and oleic acids, it follows that the 
reaction— which forms the basis of the soap industry 
— results in the formation of glycerol and the libera- 
tion of the fatty acids. 

It must be realised in the first place that the 
reaction can proceed in the absence of a saponifying 
agent. Superheated steam has already been described* 
as effective in this connection, but the temperature 
then becomes so high as to produce discoloration. 
For reasonable temperatures, the assistance of a 
saponifying agent must be called in. These agents 
may be either acidic or basic ; in the former instance, 
their behaviour is undoubtedly catalytic, but in the 
case of the buses, any catalytic activity they may 
possess is masked by the entry of the base into the 
reaction to produce the corresponding salt of the 
fatty acid. Only acid saponification will therefore 
be dealt with here. 

6. The fat, which has previously been freed from 
moisture, is rapidly stirred for a period of 15 — 30 
minutes in a special mixing machine with 3 — 4% 
sulphuric acid of 66° B 6 . at a temperature of 90 — 120°. 
<The completeness of the subsequent hydrolysis de- 
pends upon the strength of the acid, the temperature, 
and the period of contact, for unless these factors are 
carefully controlled, secondary reactions intervene 
with the formation of sulphur dioxide, acrolgin, etc. 
After the required period has elapsed, the mixture 
is run into boiling wajter and agitated by steam to 
effect the hydrolytic change. The free fatty acids . 
rise to the surface, leaving the glycerine behind irf the 
dilute acid solution. 

7. Of greater value than sulphuric acid for the 
promotion of this reaction 3 re the fatty-sulpho- 
aromatic compounds discovered by TwitohelL 8 The 
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exact ,pr§pai)ation of this catalyst is afcrade secret, 
but as far as^can be gathered it results from the 
interaction of an excess of sulphuric acid with a solu- 
tion of oleic acid in some aromatic hydrocarbon, 
probably naphthalene. The compound.* produced 
are thefh selves strong acids aiyl have the property 
of dissolving both in fat and in water and of rendering 
them mutually soluble. Other compounds, 4 analogous 
with Twitchell's reagent, have been protected. 

To saponify under these conditions, the fatty 
material, after having first been freed from all 
impurities by boiling with dilute sulphuric acid, is 
treated in wooden vessels for some time with half its 
weight of water and about 2% of the Twitchell 
reagent, the mixture being heated by steam coils and 
kept in agitation. The emulsion produced is then 
broken down by the addition of sulphuric acid, and 
after standing, the upper layer of fatty acid is 
drawn off. 


Substitution. 

8. Friedel-C rafts Reaction .— The well-known use 
of aluminium chloride for bringing about the sub- 
stitution of the hydrogen of the benzene nucleus 
by alkyl groups was first made known by Friedel 
and Crafts 5 in 1877. Since that time, its application 
has been extended to the introduction into the 
aromatic nucleus of other groups, e.g., the preparation 
of aromatic ketones by the use of acid chlorides, of 
acids by carbonyl chloride, of aldehydes by a mixture 
of carbon monoxide and hydrochloric acid. In fact, 
thejreaction now possesses an extraordinarily varied 
Application in organic synthesis. 

In all the above cases, the function of the alu- 
minium chloride appears to be catalytic ; and the 
accepted explanation of its action is based on the 
formations complex intermediate compounds, some 
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of which hJVe actually been isolated/ 1 Anhydrous 
ferric chloride brings about the sam^kind of result. 

9. Sandmeyer-Gattcrmann Reaction. — The use of 
coppes salts (Sandmeyer,® 1884) or of copper itself 
(Gattermann, 7 1890) as catalysts for the replacement 
of the diazo group of f romatic compounds by chlorine, 
bromine, nitrile, nitro, and thiocyanate groups is so 
well known as to need no further description. 

10. Grignard Reaction . — In the formation of the 
addition product of magnesium with an alkyl or 
aryl halide which comprises the Grignard reagent, 8 
the reaction is found to be accelerated by the presence 
of a trace of iodine. 

11. Halogcnation . — The presence of iodine or of 
certain metallic halides greatly assists the process 
of halogenation. All the metals whose halides are 
efficacious prove to be of dual valency, so that no 
doubt exists as to their mode of action. In chlorina- 
tion, for instance, the chlorides of antimony, iron, 
aluminium, and tin, or the metals themselves, prove 
very effective carriers, and the same applies to the 
elements phosphorus, sulphur, and iodine. For the 
introduction of bromine, the corresponding bromides 
are employed. 

m Chloraceiic acid, for example, is prepared by 
passing chlorine into boiling acetic acid to which a 
little sulphur 9 or phosphorus has been added. 
Similarly, benzene 10 can readily De chlorinated in 
the ring at the ordinary temperature in the presence 
of a small amount of ferric chloride andr finely- 
divided iron. For the introduction of halogen into 
the side chain, as in the preparation of benzyl chloride 
from toluene, 11 phosphorus trichloride furnishes ^a c 
good catalyst, but the reaction requires the boiling 
of the toluene, preferably in the presence of sunlight, 
for a period of three to eight hours. 

An important technical application of the use of a 
carrier is to be found in the preparation^ of carbon 
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tetracWyicty, which is destined, by rea^>n of its non- 
inflammability to replace petroleum spirit, ether, 
etc., as a solvent. The method of preparation con-< 
sists in the chlorination of carbon bisulphide. At the 
ordinary temperature chlorine and carbon bisulphide 
react btit slightly, but in the presence of iodine or 
antimony pentachloride rapid formation of the 
tetrachloride ensues, 12 

12. Sulpho,. ,; on. — Normally, catalysts are not 
employed in sulphonation processes. But in some 
instances they prove useful in determining the 
course of the reaction, as in the case of the sulphona- 
tion of anthraquinone, where the presence of a little 
mercuric sulphate favours the production of the a 
disulphonic acid instead of the usual ff acid. 13 

Polymerisation. 

13. Synthesis of Rubber . — Of the polymerisation 
processes, the most interesting, if not the most 
important, is the production of artificial rubber. 14 

If allowed to stand over some months, the 
unsaturated hydrocarbon isoprene, whose prepara- 
tion has been referred to several times in the preceding 
chapters, slowly polymerises into & caoutchouc- 
like material — a fact first observed by GreviHe 
Williams 16 in i860. By the addition of catalytic 
substances* however, the polymerisation period can 
be considerably reduced, especially if the temperature 
and pressure be raised in addition. Bouchardat 16 
observed in 1875 the catalytic activity of hydrochlorid 
acid in polymerising isopreae and was thus the first 
actually to synthesise caoutchouc ; and since that 
time many tSther catalysts for the transformation 
not oply of isoprene but also of its homologues, 
butadiene and dipropylene, have been discovered. 

Of course the *eaction is facilitated by raising 
the temperature and pressure ; indeed, in the first 
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industrial synthesis of caoutchouc, butfdiqne or one 
of its homologues was heated in an autoclave for some 
days to a temperature of about ioo°, either in the 
presence or absence of polymerising agents. 17 

14.* Thp most advantageous catalytic agent 
appears to be metallic sodium, a fact which 'was dis- 
covered by Matthews 18 in 1910 and independently 
by Bayer & Co. 19 two months later. The great advan- 
tage associated with the use of sodium resides in the 
absence of any necessity for the employment of high 4 
temperature conditions over a prolonged period. Iso- 
prene or one of its homologues is heated with sodium 
in an autoclave for three hours to a temperature of 
35 0 , when a brown mass results, from which caout- 
chouc is precipitated by the addition of alcohol. 

Of the other agents which have been advocated, 
the most noteworthy are acids (such as acetic acid), 
bases, 20 albuminoid substances, 21 sulphur, 22 and 
sulphur dioxide 23 ; but none, so far as can be 
gathered, compare in efficiency with sodium, except 
perhaps acetic acid, the discovery of whose activity 
in this connection is coupled with the name of Harries. 
It mirfit be observed that, according to the last- 
namea investigator sodium-condensed caoutchouc 
possesses a different structure from that which 
results from other condensation processes, though its 
physical characteristics are identical. 

Unfortunately, though rubber ‘has^ thus been 
synthesised in the laboratory, and to a small extent 
on the industrial scale, the cost of the manufacture 
'of the isoprene and other hydrocarbons which form 
the starting materials for the polymerisation process 
is still too high to permit of synthetic rubber being 
marketed in competition with the natural product.' 
Moreover, owing to the absence of small quantities 
of certain bodies presumably of a nitrogenous or 
resinous character, the synthesized material appears 
to be suitable only as a substitute for the harder and 
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less resilj^ntl rubbers. There are, therefore, no signs 
as yef that plantation rubber will share the fate of 
vegetable indigo. 

15. Synthetic Resins . — What are knojvn as 
u phenol-formaldehyde ” compounds continue to 
attracts good deal of attention. These bodies are 
resinous amorphous products which are used in the 
manufacture of varnishes or lacquers, or which, after 
suitable treatment, are being used as substitutes for 
ebonite, celluloid, etc. 

They are prepared by the condensation and sub- 
sequent polymerisation of formaldehyde and phenolic 
bodies in the presence of a suitable catalyst. 24 The 
reaction may proceed in the absence of a catalyst, 
but only under such unfavourable conditions — high 
temperature and long contact — as render the reaction 
impracticable for commercial purposed The addition 
of acids or acid salts greatly accelerates the process, 
but their use is found to lead to the development of 
undesirable by-products. 

Bases, on the other hand, serve as excellent 
catalysts, both at the condensation and polymerisa- 
tion stages, and enable the reaction to proceed regu- 
larly and to be kept under control. Bakelite, 25 for 
example, is obtained by the action of an alkaline 
condensing agent in small quantity upon equail 
amounts of phenol and formaldehyde, the product 
being heated under pressure to 120— >200°. 

16. Quite recently, 'the technical possibilities of 
another class of artificial resins, viz., thecoumarone 
resins, have been investigated. These resins result 
from the polymerisation of * coumarone or indene, 
which are constituents of solvent naphtha or crude 
Coal-tar naphtha, using such a condensing agent as 
aluminium chloride or sulphuric acid. 96 

: 17. Aldehyde Polymerisation . — Among aldehydes, 
the well known tendency to polymerisation is assisted 
)y the presence of small quantities of basic or acidic 
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compounds, pleading to the formation e$he^ of .aldols 
or of polyaldehydes (see Chapter VI U, section 7). 

18. Acetylene Polymerisations . — The polymerisa- 
tion of acetylene to benzene by passage through a 
hot tube i§ well known to all students of chemistry. 
In the presence of ce#ain other substances, afid under 
catalytic conditions, acetylene is also able to effect 
a simultaneous combination and polymerisation. 27 
Thus, if acetylene and sulphur vapour or sulphuretted 
hydrogen be passed over alumina at about 300 0 ,* 
thiophene is produced ; whilst under similar con- 
ditions, acetylene and ammonia give pyridine bases. 

Condensation. 

19. The line of demarcation between condensation, 
polymerisation, and substitution reactions, as well 
as between condensation and dehydration reactions, 
is very difficult to define. Under this heading, how- 
ever, are usually included such reactions as involve 
the union of two or more dissimilar molecules with 
or without the elimination of component elements. 

20. When elimination takes place, certain addi- 
tive substances called “ condensing agents " are 
generally employed in order to assist in the removal 
of these elements. For instance, when water is to 
be eliminated, phosphorus pentoxide, anhydrous zinc 
chloride, or concentrated sulphuric* arid- is added to 
combine with the liberated water and so prevent the 
reverse reaction coming into play. In dealing with the 
subject of esterification (see Chapter VII, section 24), 
we had occasion to note reactions of this type. Simi- 
larly, when halogens are to be split on, metallic 
copper, silver, or sodium are employed ; or when thb 
elements of ammonia are to be removed hydro- 
chloric acid is added. Obviously, addition materials 
of this kind cannot be considered to function in a 
catalytic manner. 
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Wheje, Lfewever, the substance whi<|h is added to 
hasten* the reaction is not of a nature to combine 
with the eliminated compound, and is not therefore 
employed in any but the smallest amounts, th£ effect 
of the addition can be regarded as genuinely cata- 
lytic. Such a function can be atf ributed to aluminium 
chloride and to copper or copper chloride respectively 
in the Friedel-Crafts and Sandmeyer-Gattermann 
reactions already referred to. The same applies to 
,zinc chloride when the removal of hydrochloric acid 
is involved, or to ferric chloride in the case of the 
elimination of ammonia ; and this accounts for the 
wide application in a catalytic capacity of both of 
these substances, as well as of aluminium chloride, in 
the manufacture of dyes, where condensations of this 
type are common. 

When no elimination takes place* the necessity 
for the presence of a trace of a foreign body furnishes 
a clear case of catalysis. Ionone , 28 for instance, 
which is used as a substitute for essence of violets, 
is prepared from citral and acetone, using barium 
hydroxide as a condensing medium . And so examples 
might be multiplied. 

Sufficient has been said, nevertheless, not only to 
indicate the diversity and extent of the application 
of catalysts in this field, but also to remove some of 
the prevailing confusion between the terms " cata- 
lyst ” and • con'densinjj agent." 
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CHAPTER X. 

Enzymes, Electro-Chemistry, Vulcanisation 
Accelerators. 

In this chapter, it is proposed to consider a few 
miscellaneous reactions which are of interest from 
the catalytic point of view. 

Enzymes. 

1. There are certain transformatfons, classified 
generally as fermentation processes, which were 
formerly considered to be induced by the presence of 
living organisms, that is to say, bacteria, moulds, 
etc., but are now attributed to the influence of the 
bodies, called " enzymes,” or “ ferments,” which 
these organisms produce. Such reactions are of 
great interest from the present point of view, for 
they are closely allied to ordinary catalytic processes. 

In the maintenance of animal life, the catalytic* 
rolejA enzymes is of the utmost importance. Ptyalin 
of the saliva* for Example, induces the transformation 
of insoluble starches ana carbohydrates into soluble 
sugars > whilst pepsin of the gastric juice splits 
up insoluble complex albuminoid compounds into 
soluble simpler products, which are readily digested. 
Furthermore, the reverse processes, such as the pro- 
duction of fats from carbohydrates or the synthesis 
of protons from simpler substances, are brought 
about in the animal body by the agency of enzymes. 

2. Of extreme interest is the analogy between 
enzymes and ordinary catalysts as we know them. 
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In the first place, they increase the rate of^what 
would otherwise be an extremely slow V^btion. 
Moreover, a very small quantity r of tlie enzyme will 
transform a relatively large amount of the ferment- 
able sflbstance. Then, again, the ferment emerges 
from the reaction unchanged, and except in cases 
where part of the ferment is removed by combination 
with the products, it emerges undimimshed in quan- 
tity. As already mentioned, enzymes are also capable 
of inducing synthetic processes, which in itself is an, 
indication of the reversibility of fermentation 
reactions. The activity of ferments, too, is greatly 
affected by the presence of other bodies; thus, 
certain substances, known as “ activators," are 
essential for the action of particular enzymes : whilst 
enzymes in general are extremely liable to the 
paralysing influence of poisons, chief among which 
are hydrogen sulphide, hydrocyanic acid, iodine, and 
mercuric Qhloride, all of which will be recognised as 
common inhibitors of the kind of catalyst so far 
considered. 

Enzymes differ from ordinary catalysts in two 
particulars. To begin with, they are characterised 
by a certain specificity of action, since each enzyme 
appears to exercise its activity exclusively upon a 
substance of a particular structural or even a particu- 
lar stereochemical composition. The three disac- 
charides, sucrose, maltose, and laetpse, for example, 
are hydrolysed by the same acids, Whereas for 
enzymic hydrolysis each requires its own ferment. 
But, as pointed out in Chapter I (section 20), the 
ordinary type of catalyst is also more or less specific 
in its action, so that tlfe difference is not so great as 
at first sight appears. More fundamental is the*dis^ 
tinction based upon the fact that enzymes are 
destroyed by moderate heat, complete loss of activity 
being generally produced by raising the temperature 
even to yo°. However, enzymes are colloidal in their 
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ptiysitfal nature, and this explains their behaviour 
underNie&t conditions. 

It should be ncfticed, in passing, that no enzyme 
has as yet been isolated in a pure state. Their con- 
stitution, too, is entirely unknown ; indeed; such 
appears*to be the complexity of their character that 
it is likely to be some time before this problem is 
unravelled. On the whole, the above brief comparison 
of the characteristics of enzymes and catalysts 
.almost justifies the consideration of physiological 
chemistry as a branch of catalysis. 

3. Although it is possible in this chapter to 
give but the baldest outline of a very extended sub- 
ject, some reference at least must be made to the 
more important industrial applications.,. These are 
mainly confined to the reactions of hydrolysis and 
oxidation. 

4. The subjects of both enzymic hydrolysis and 
enzymic oxidation are intimately bound up with the 
production of alcohol. (For the production of 
alcohol by synthetic means, see Chapter VIII, 
section 10.) Alcohol is produced by the action of 
certain micro-organisms upon a simple sugar, these 
organisms being capable of oxidising or fermenting 
the sugar to carbon dioxide and alcohol. Although 
many bacteria can effect this transformation, quantU 
tative decomposition is only obtained by the use of 
particular cultiyred moulds, grouped together as 
yeasts (sacdtaromyccs), *vhich in the course of their 
life-history produce the enzyme zymase. This 
enzyme is able to ferment a simple sugar like glucose* 
mannose, and laevulose, but cannot transform the 
higher saccharides, which mifst first undergo hydro- 
lysis bymean^of a hydrolytic enzyme, e.g., maltase 
or invertase, also present in the yeast. With sac- 
charifertfus material, such as beet or molasses, 
therefore, all that is necessary is to add yeast in order 
to set up formentatiofi. 
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If, on the other hand, starchy or celkilosic 
materials be* employed as the staging lfta&rials, 

V they must first be degraded either' "by acid or enzymic 
hydrolysis into fermentable sugars — a process which 
is known as " saccharification.” 

With starch, saccharification is usually effected 
by treatment with * the enzyme diastase. This 
enzyme is the active constituent of malt, which is 
prepared by allowing steeped barley to germinate for 
one to three weeks at a suitable temperature. The« 
starchy materials, say potatoes, are first steamed and 
crushed, and the pulp then strired up in a vat with 
water and a little malt. When, after a few hours, the 
mash has acquired a sweetish taste (" sweet mash ” or 
” wort ”) due to the production of sugars, yeast is 
added to set up fermentation. The alcohol is finally 
separated from the fermented wort by distillation 
and rectification. 

Technically, the two operations of the hydrolysis 
and fermentation of starch are sometimes combined 
into one, called the “ amylo ” process, by using a cul- 
tured fungus, either amylomyces rouxii 1 or asper- 
gillus oryzcz , 2 which contains both enzymes. So far, 
however, their use has been limited to the treatment 
of corn mashes only. 

* In the case of a ccllulosic material, such as saw- 
dust, the hydrolysis is accomplished in the manner 
already described in Chapter IX, section 4, i.e.*; by 
treatment with acid under* pressure, thereby the 
cellulose is transformed into sugars. Unfortunately, 
besides the fermentable hexoses, some unferment- 
able pentoses are formed, which detracts from the 
efficiency of the yield. After neutralisation, the 
subsequent treatment is the same as jvith starch. » 

5. Under the stimulus of war, two further bac- 
teriological processes assumed first-rate importance. 
The first owes its development to the enormous 
demand for acetone in the Allied countries, as a 
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result oL which every possible means of production 
of th& valuable njaterial was exploited to the full 
(see also Chapter VIII, section 6). The fermentation 
method is based upon the discovery by Fernbach 8 
that sterilised carbohydrate material prepared from 
maize, potatoes, wood, etc., when subjected to the 
action of bacillus butylicus, can be converted into 
a mixture of acetone and butyl alcohol, instead of 
into the ethyl alcohol ordinarily produced. The treat- 
ment has to take place out of contact with the air 
and at a temperature of 25 — 40° ; and the products 
are recovered either by distillation at the end of the 
operation or, if the fermentation be carried out in 
vacuo , the product can be withdrawn as formed. As 
the result of investigation, other suitable bacteria 
have been discovered, e.g., bacillus macerans by 
Bayer & Co. 4 and bacillus granufobacter pectino- 
vorum by Weizmann. 6 During the war, acetone was 
manufactured in considerable quantities in both 
Great Britain and America by the Weizmann pro- 
cess ; but with the advent of normal conditions, the 
process is not likely to be a commercial success, owing 
to the fact that the production of every part of acetone 
is accompanied by the formation of two parts of 
butyl alcohol. 

In an interesting development, the yield o i 
acqjtone is increased by adding to the fermenting 
mass aceti<^aci<* or a soluble acetate, which becomes 
converted by the bacteria or their enzymes. 

6. Xhe second process, viz., the preparation of 
glycerol from sugar, 7 was developed to a very large* 
extent in Germany during thp war, when her supplies 
of fat became curtailed. It utilises the observation 
thal; the percentage of glycerine formed from sugar— 
normally only a minute amount — can be very appre- 
ciably increased if the fermentation be allowed to 
proceed in the presence of an alkaline substance, the 
proportions of the alkali being as large as will just 

C.A. 
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fail to inhibit the activity of the yeast. f By the use 
of sodium sulphite, an alkaline £gert whiclr yeast 
can withstand in large proportions, 20 — 30 % of the 
sugar present can be transformed into glycerol, the 
remaining products consisting of aldehyde, alcohol, 
and carbon dioxide. f 0 

7. The hydrolysis of glucosides by means of 
ferments finds technical application in the con- 
version of indican of the leaf of the indigo plant by 
means of indimulsin into glucose and indoxyl, in the ' 
degradation of tannins into glucose and such acids 
as tannic and ellagic acids by the agency of tannase, 
and so on. 

8. Esters are also capable of hydrolysis. A recent 
application of this is the decomposition of fats by 
means of the lipase of castor seed 8 — a process which 
compares with*the saponification of fats by alkalies, 
sulphuric acid, or steam, referred to in Chapter IX, 
section 5. The fat is melted in a pan with about half 
its weight of water and a little castor seed extract 
added. Fermentation is complete after six to eight 
hours, when the mass is heated to ioo° to kill the 
enzyme and the product then separated. 

9. The oxidation of ethyl alcohol to acetic acid, 
which is the reaction underlying the preparation of 
Vinegar, is another industrial application of enzymic 
activity. Still further examples are to be found, in 
the dairy industries, especially dfeese^making, in 
bread-making, and in the treatment of sewage in 
water purification. For information with regard to 
c any of the technical applications mentioned, the 
reader is referred to the voluminous literature which 
deals with these subjects. 

Electro-Chemistry. 

10. Electro-chemical methods for the preparation 
of chemical compounds are increasing in fitvour with 
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manufqf tur^rs, partly because of thejr cleanliness, 
but niainly by reason of their controllability. Not. 
much has been done so far in the application of 
catalysis to electro-chemical reactions, but what has 
already materialised suggests that research in this 
direction might prove particularly fruitful. 

11. Reduction . — The transference of the hydro- 
gen generated in situ to the reducible body can be 
accelerated by the presence of a trace of certain 
foreign bodies. Thus, in the electro-chemical reduc- 
tion of indigo, the addition of a little mercury, 
vanadium, iron, or titanium greatly favours the 
reduction process. Again, whereas quinone can 
ordinarily be reduced only as far as quinhydrone, in 
the presence of a trace of a titanium compound 
hydroquinone is produced. 9 Similarly, aniline can 
be prepared from nitrobenzene and benzidine from 
azobenzene in excellent yield, using a titanium 
carrier. 

The material of the cathode is also considered 
to exert a catalytic effect, for there are substances 
which can be reduced much more readily at one 
cathode than at another, though the electro-chemical 
conditions may be equal in both cases. Nitrobenzene, 
for instance, is stated to be more easily feduced in aci<J 
solution at a lead 10 or zinc 11 than at a platinum 
cathode ; whilst in alkaline solution, aromatic nitro 
compounds* in general 5 an be reduced to the corre- 
sponding amine and not to azo, azoxy or hydrazo 
compounds, provided a copper cathode be employed. 12 , 

12. Oxidation . — The use of a trace of an 
oxygen carrier in these instances is often of value for 
inc^asing the reaction velocity. For instance, the 
addition of 2 ( % cerium sulphate 13 accelerates the 
oxidation of anthracene and naphthalene to the corre- 
sponding quinone. Vanadium compounds, too, are 
as useful in oxidation* processes as in those of reduc- 
tion. Aniline, for instance, is oxidised to benzo- 
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quinone in the presence of a vanadiurn salt^; 14 r and 
,as we have already seen that beozoqtiinoneYan be 
deduced under catalytic conditions to hydroquinone, 
the employment of the two electro-chemical reactions 
affords a convenient method of preparation of hydro- 
quinone from anilin^, Vanadium also accelerates 
the oxidation of anthracene to anthraquinone. 
Other polyvalent metals whose salts have found 
application in this connection are uranium, thallium, 
manganese, and chromium. 

The catalytic effect of the anodic material is not 
of much importance in oxidation processes. 


Vulcanisation Accelerators. 

13. The vulcanisation of india-rubber, dis- 
covered by Goodyear in 1839, consists in intimately 
mixing the rubber with a proportion of sulphur and 
then heating the mass to 140° for some time. With 
an average rubber mixing the time required for 
vulcanisation under these circumstances varies from 
one to three hours, and for vulcanite might be six 
hours or more. 

In order td reduce this period it has long been the 
custom to add small quantities (up to 55o)j>f ^certain 
metallic oxides, notabty the jxiqeLj^ f lSd. rqag - 
InieimmT^n^^alcium rimftfye use of these “ sulphur^ 
"carriers ^has 'been Testrictedf(Tthe 'manufacture of 
, goods of lower grade quality only, since the effect of 
their addition, apart from being catalytic, often 
proves undesirable. < 

14. Within recent years, however, a number of 
organic accelerators have been discovered of such 
powerful catalytic effect as to be of the # greatest 
value in the rubber industry. The first to be brought 
to light was piperidine, whose«use was patented by 
Bayer & Co. 15 in 1912 ; and a little feter 18 they 
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claimed the employment as activators of all organic 
bases .Whose* dissociation constant exceeds 1 x J0~ 8 . 

Many other organit compounds appear to posses^ 
the same curious property. Peachey 17 showed in 
1914 that the nitroso derivatives of certaihi bases, 
partiAilarly dimethylanilinc, mcthylAniline, and 
diphenylamine, when employed in quantities of 
03 to . o*5%, reduce the time of vulcanisation to 
one-third of that normally required. Other nitroso * 
compounds, destitute of basic properties, such as ’ 
nitrosophenol 18 or even nitrosobenzene, 19 also acts 
as accelerators. Indeed, during the last year or 
two, a whole host of substances, mostly of a basic 
character, have been stated to be applicable for 
this purpose. 20 

The use of these organic accelerators appears to 
be free from the disadvantages attendant upon the 
use of litharge, lime or magnesia, and as they have 
already been introduced with success into works 
practice, it would appear likely that their use will 
become general in future. 
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